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Abstract: In recent years, the 3D design software has been mostly used to improve the garment design process 
by generating virtual 3D garment prototypes. Many researchers have been working on the development of 3D 
virtual garment prototypes using 3D body models and involving the 3D human body scanning in different 
postures. The focus of research in this field today relies on generating a kinematic 3D body model for the 
purposes of developing the individualized garments, the exploration of which is presented in this paper. The 
discussed area is also implemented in the Erasmus+ project OptimTex - Software tools for textile creatives, 
which is fully aligned with the new trends propelled by the digitization of the whole textile sector. The Slovenian 
module focuses on presenting the needs of digitization for the development of individualized garments by using 
different software tools: 3D Sense, PotPlayer, Meshroom, MeshLab, Blender and OptiTex. The module provides 
four examples: 3D human body scanning using 3D photogrammetry, 3D human body modelling and 
reconstruction, construction of a kinematic 3D body model and 3D virtual prototyping of individualized smart 
garments, and thus displays the entire process for the needs of 3D virtual prototyping of individualized 
garments. In the OptimTex project, the 3D software Blender was used to demonstrate and teach students how to 
construct the "armature" of the human body as an object for rigging or the virtual skeleton for a 3D kinematic 
body model, using the knee as an example.   

Keywords: 3D body model, 3D scanning, kinematic 3D body model, virtual prototyping of garments 

1. INTRODUCTION

Digital transformation can be stated as the ultimate challenge for the fashion industry. 
In response to the pressure for growth and cost efficiency, many brands have started a series 
of initiatives to improve their speed to market and to implement sustainable innovation in 
their core product design, manufacturing, and supply chain processes. The role of the 
consumer has shifted from one of passive observance to enabled dominance. The vast 
majority of consumers use digital channels before, during or after making their purchases [1]. 
The fourth industrial revolution brings a lot of potentials, but also challenges. So, companies 
in the apparel industry are already facing a major transformation, greatly aided by effective 
digitalization. Virtual prototyping of garments can be termed as one of the most important 
parts of digitalization of the entire process. The purpose of 3D virtual prototyping is to create 
a virtual garment model instead of developing a real clothing product. For this, we have to 
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develop and employ digital body models. These topics are being investigated by some 
universities and research institutions that are colaborating in different research programmes, 
one of these being the EC Erasmus+ programme. 

Goals and objectives of the new Erasmus+ project OptimTex – Software tools for 
textile creatives are fully aligned with the new trends propelled by the digitalisation of the 
whole textiles sector. OptimTex is already the fourth in the row of the successful projects 
devoted to e-learning in the wider scope of textiles. The projects are carried out by the 
consortium, consisting of the Universities and Institutes from different European countries 
[2]. 

OptimTex is a higher education project with underlined multidisciplinary concept. 
Connections between modern software applications and textiles are being investigated and 
explored. The main outputs of the project are: (1) Course of software applications for textiles, 
(2): Instruments for applying software solutions within textile enterprises, (3) E-learning tool 
and courses organization. The Slovenian Team has developed its module on Design and 
modelling of garments by 3D scanning software and CAD/PDS software. The contribution is 
focused on design of garments using adaptable digital body models, a contemporary topic, 
which is fully described in the module. 

2. DIGITAL BODY MODELS

In today's digital age, the development of garments is increasingly taking place with 
the help of advanced technologies for 3D scanning of the human body and 3D CAD systems 
for the design, simulation, and visualization of clothing on virtual 3D body models. Their 
breakthrough is geared towards supporting the development of new advanced personalized 
products, such as garments for physically impaired persons, persons with physical 
deformities, the elderly or, for example, athletes, workers etc. who in carrying out various 
activities occupy specific postures, as well as for every individual who wants custom made 
garments. 3D body models provided by commercial 3D CAD systems for simulating and 
visualizing garments on virtual 3D body models are still a problem in this area. By using them 
we can adjust the body dimensions, muscles and postures to a certain extent. The studies 
showed that the use of advanced technologies is of paramount importance for the 
development of garments in terms of ergonomic and functional needs of the individual in 
order the garment properly fits the body [3-11].  

3D body models of individuals can be obtained by 3D scanning of persons in the 
standard posture or in many other postures, which can be imported into 3D CAD systems for 
the development of personalized garments. Alternatively, the scanned digital record of the 
individual can be upgraded to a kinematic 3D body model, of which the body postures can be 
adjusted according to the needs during development and prototyping of garments for 
individuals.  

The beginnings of the development of a kinematic 3D body model for virtual clothing 
prototyping go back years and coincide with the development of computer graphics in the 
field of human body kinematics and the animation of virtual garments, where from the very 
beginning rigged human body models also emerged [12,13] to improve deformable virtual 
humans [14].  

A kinematic human body model intended for 3D garments development was presented 
by Leipner A. and Krzywinski S. [15], which consists of the anatomical structure of the 
human body or skeleton, muscles and skin, Figure 1. Modeling and animation of 3D body 
model was carried out using the Autodesk Maya 2012 software and Maya plug-in 
MuscleCreator. An inverse kinematics animation was created to study the proper deformation 
of the leg surface during the movement of the leg (figure 1). In the study by Kozar et al [16], 
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Blender software was used to design an adaptable 3D body model intended for the 
development of clothing for people with limited physical abilities (figure 2). This study shows 
the importance of using different tools to achieve smooth 3D mesh deformation and the 
influence they have on the body perimeters. 

Figure 1. Kinematic 3D human body model construction: skeleton, muscles, skin (left) 
and animation of leg movement (right) [15]. 

Figure 2. Designing a 3D kinematic body model and fitting it to a wheelchair racing 
athlete [16]. 

Other research has also shown that there is currently no 3D kinematic human body 
model that represents realistic body deformations during movement, particularly in the elbow, 
knee and hip joints [17,18]. Examined were four methods, linear blend skinning in the 
simulation software Clo3d, auto-rigging of 3D scans on the online service Maximo, skinned 
multi-person linear human model and anatomical simulation using the plugin Ziva Dynamics, 
which also indicated improper deformation of the body mesh during bending in the elbow, 
knee, and hip joint regions. As an example of working with Clo3d a 3D human body scan 
conversion into an avatar adapted the body shape is shown on figure 3. 

A new process for construction of a kinematic 3D body model using Blender 3D 
software can be found in the research by Klepser A. and Pirch K. [19]. There, a comparison 
between the three-dimensionally software-provided avatars and 4D scans of real test persons 
was carried out. Figure 4 shows that despite carefully performed 3D human body scanning of 
the tested person and mesh processing during kinematic 3D body model generation, 
difficulties remained due to incorrect mesh deformations during posture adjustments. In 
addition, 4D scans of the tested person's movements were taken as a starting point for the 
creation of a new kinematic 3D body model, the accuracy of which was improved. 
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Figure 3. Converting a 3D body scan to an avatar: a - Clo avatar; b - aligned 3D body scan 
and Clo avatar; c - aligned avatar joints; d - converted avatar;  

e - 3D body scan with joints [17,18]. 

Figure 4. Leg’s flexsion pose of a scanned 3D body model (left) and generated kinematic 3D 
body model (right) [19]. 

Research trends in the development of a kinematic 3D body model for the purpose of 
virtual prototyping of individualized garments have been transferred to the OptimTex 
Erasmus+ project with the aim of providing students with the full range of new digital skills 
and knowledge for virtual development of individualized garments. 

2.1 OptimTex Module 3 - Design and modelling of garments by 3D scanning 
software and CAD/PDS software 

The module focuses on presenting the needs of digitization for the development of 
personalized clothing by using different software tools: 3D Sense, PotPlayer, Meshroom, 
MeshLab, Blender and OptiTex.  

The module provides four examples: 
1. 3D human body scanning using the 3D photogrammetry,
2. 3D human body modelling and reconstruction,
3. Construction of a kinematic 3D body model and
4. 3D virtual prototyping of personalized smart garments
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and thus displays the entire process for the needs of 3D virtual prototyping of individualized 
garments. 

Each example consists of the related theory, the application of software tools and 
some multiple-choice questions for self-assessment of the acquired knowledge. 

The example of constructing a 3D kinematic body model from a 3D body model 
obtained by scanning and reconstructing a digitized body shows its creation through the 
acquisition of basic knowledge about: 

1. the human body joint types divided according to their mechanics: pivot, hinge,
ball-and-socket, condyloid, saddle and plane joints, which are important for
skeleton generation and joints movements,

2. Blender 3D software which was used to demonstrate and teach students how to
design the human body skeleton as an object for rigging or as a virtual skeleton
for a kinematic body model, using the leg and flexion/positioning of the knee as
examples.

The students will learn how to design a kinematic 3D model of leg’s lower part and 
its skelton as two bones, positioned within a 3D mesh of the leg as a junction in the knee joint 
(hinge joint; move in the Y axis), which enables manipulation and deformation of a mesh by 
moving bones in the knee joint, Figure 5.  

The prepared course contains study material richly supported by video content that 
helps students in their creative work with software. 

a  b  c  
Figure 5. Designing of a kinematic 3D leg model: a -scanned 3D leg model; b – skeleton; 

c - kinematics of the rigged 3D model 

3. DESIGN OF GARMENTS USING KINEMATIC 3D BODY MODELS

Recognitions that scanned 3D human body models in standard scan posture are not 
always suitable for the development of individualized garments, such as sports, medical and 
protective clothing, indicate the needs to use kinematic 3D body models. Indeed, garments 
that fit a standard scan posture can be very uncomfortable when performing daily tasks 
including walking, sitting, or reaching, and even more when performing sports or work 
activities. A garment design in a standard scanning posture is shown in figure 6, a, while the 
developed pattern designs for speed-skating trousers and rowing dress using a kinematic 3D 
body model is shown in figure 6, b and c [15]. 

In the OptimTex Erasmus+ project the last example of the module - Design and 
modelling of garments by 3D scanning software and CAD/PDS software - the development of 
individualized smart garment for a sitting posture of people with immobile lower extremities 
was presented, figure 7. Using the OptiTex PDS 3D software, the development of the pants’ 
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pattern design on the kinematic 3D body model is shown from the point of view of correct 
positioning of heating elements, temperature sensors and conductive paths for acquisition and 
regulation of data when measuring pants’ microclimate temperature and regulating the 
microclimate to the desired temperature. 

a b 

c 
Figure 6. Garment pattern design in standard scanning posture: a - development of pattern 
pieces for speed-skating trousers; b - rowing dress;  c - on a kinematic 3D body model [15] 

a                                                                           b  
Figure 7. Virtual prototypes of trousers: a – regular; b - heated [20]     

Because the quality of garment fit depends besides the accurate 3D body model also 
on the realistic fabric draping, within the theoretical part of the module the low-stress 
mechanical properties for fabric drape simulation in OptiTex PDS 3D software were 
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presented. Measurement of fabrics’ low-stress mechanical properties including tensile, shear, 
bending, surface and compression properties with FAST measuring system was presented, as 
well as their use for calculation of simulation of a physical model of a fabric and fabric 
behaviour during virtual prototyping.  

The individual steps necessary for the creation of a garment virtual prototype using the 
2D/3D Optitex PDS software are shown in the study material and supported in more detail 
with five videos (figure 8). 

Figure 8. Steps for creation of a garment virtual prototype using  
2D/3D Optitex PDS software      

4. CONCLUSIONS

With the growing demand for customized products, e-commerce, and advances in 
virtual reality applications, virtual garment development is now in high demand to 
streamline the design and development processes of the apparel industry. Virtual garment 
prototyping has great potential in the fashion industry, especially by using adaptable 
digital body models to develop personalized garments for sports, medical and protective 
clothing. This contribution presents the development of kinematic 3D body models and 
their use for designing garments for different body postures. It also presents the topics of 
the module for the Erasmus+ project OptimTex, which is fully aligned with the new trends 
of digitalization. 
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Abstract: Strain sensing seams have been developed by integrating conductive sewing threads in different types 
of seam designs on a fabric typical for sports clothing using sewing technology. The aim was to obtain a simply 
integrated stitch-based sensor that can be applied on sports clothing to monitor the movements of the upper 
body parts of the user during exercising. Stitch types 304; 406; 602 and 605 were produced. The seams were 
made on a knitted fabric composed of 80% polyamide 6.6 and 20% elastane. The seams underwent stretch 
cycling for 10 cycles and up to 44 cycles following EN ISO 14704-1:2005 (modified), using an INSTRON 
tensile tester machine. The changes in the resistance of the seams with time were recorded simultaneously using 
Agilent meter U1273A. Sensing functionality among which is sensor gauge factor (GF), stability, drift, and 
reproducibility were evaluated on the promising sensor seams. The type of base fabric used, stitch type, stitch 
formation process (friction and dynamic forces during sewing), integrated EC thread length, and positioning of 
thread(s) in the fabric have a significant influence on the performance of the seams. Sensor seam 406-
001comprising 2 EC yarns (Madeira HC12) and Sensor seam 304-010 comprising 1 EC yarn (Madeira HC40) 
turned out to be very promising and others shall be improved (sensor 602-006 with Madeira HC 40 and sensor 
605-002 with a Muriel yarn).   

Keywords: electro-conductive sewing thread, sensing seams, sewing technology, stitch structure, electrical 
resistance 

1. INTRODUCTION

The recent rise of personalized wearable devices that can monitor body parameters 
while sporting has made it increasingly important to have flexible textile-based sensor 
alternatives that can be comfortably worn [1-3]. Textile strain sensors offer a new 
generation of devices that combine strain sensing functionality with wearability and high 
stretchability [4-7]. Previously, sensors have been integrated into the textile structure 
before garment production, through printing [5], coating [8-10], weaving [11], or knitting 
[4]. These high levels of sensor integration mostly face challenges related to sensor 
connection with other parts of the smart systems [12] and also make potential garment 
repairing or disassembling for recycling purposes at the end of life difficult.  

Stitch-based strain sensors are easily embedded in the garment and connected with 
other parts of the smart system such as the processing and communicating unit. Moreover, 
their integration into the garments towards the end of the production process offers 
definite advantages in terms of flexibility and production costs. Tangsirinaruenart & 
Stylios [13] employed sewing technology to develop strain sensors based on two specific 
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conductive sewing threads and several stitch types. Also, Gioberto et al. [14] confirm that 
most common sewing machines (the cover stitch and overlock machines) can produce 
reliable, repeatable, sensitive sensors. Each sewing machine produces sensors with slightly 
different characteristics and parameters. The tension of the conductive yarn during lock-
stitching is an important factor to control the sensitivity of the strain sensor [15]. 

Despite the potential of this technology, the number of studies investigating stitch-
based sensors is rather limited. Therefore this research aims to investigate some 
commercially available electro-conductive (EC) sewing threads, assess their properties, 
sewability and characterize the performance of their various stitch-based sensor 
configurations.  

2. MATERIALS AND METHODS

2.1 Electro-conductive (EC) sewing threads and their characterization 
Commercial EC threads with various compositions were selected and their 

properties were assessed: linear density (ISO 2060: 1994), linear electrical resistance (EN 
16812:2016), tensile strain, and load at break (ISO 2062: 2009). A knitted fabric typically 
used in sports clothing, (80/20 PA/ EL) was used as the substrate for the strain sensor 
seams. The fabric was characterized to determine its weight per unit area (ISO 3801: 
1977), thickness (ISO 5084: 1996), and elasticity (EN ISO 14704-1: 2005). We informally 
evaluated the suitability of sewing the selected EC yarns on conventional sewing 
machines and used in some cases silicone oil to smoothen the sewing process. 

2.2 Seams and stitch-based sensors characterization 
In the production of the sensing seams, EC threads were mostly used as bobbin 

threads aiming at low friction and low thread tension, in some cases the EC thread could 
be used as a needle thread too. Stitch types 304, 406, 602, and 605 were produced and the 
successfully stitched sensors were characterized using an experimental set-up similar to 
[13], using a tensile tester Instron and an Agilent meter U1273A. Rectangular fabric strips 
of 5x20 cm containing the sensor seam were fixed between the machine clamps at a gauge 
of 100 mm. The resistance response of the sensors according to the applied strain force 
was recorded upon several stretch cycles performed to a maximum load of 35 N with a 
speed of 500 mm/ min (EN ISO 14704-1: 2005). Several specimens were tested to assess 
potential variations within the same type of sensor configuration and to assess the 
reproducibility of the sensors. The sensors underwent 10 cycles to assess their sensitivity 
and 44 cycles to assess their stability i.e. 44 cycles is the maximum number of cycles for 
the tensile tester Instron machine. The average time per cycle (loading and offloading)was 
12 seconds. The initial sensor seam electrical resistance (R0) was noted for each sensor 
just before the onset of cycling. The changes in resistance and strain were recorded 
continuously throughout the stretch cycling. The sensor gauge factor (GF) was determined 
at the 2nd, 10th, and 44th cycles. The GF represents the sensitivity of the sensor and was 
calculated as the ratio of changes in resistance at any given cycle relative to R0, to the 
relative strains. The drift of the GF between the 2nd and 44th cycles was also determined. 
These parameters indicate the sensor's sensitivity, stability, and reproducibility. 

3. RESULTS AND DISCUSSIONS

The linear density (count) of the EC threads ranged between 260-2000 dtex, their 
resistance between 82- 2000 ohm/m, and they had an elongation (strain at break) between 
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18 - 36 % (table 1). The knitted fabric (substrate) had a mass per unit area of 276±5 g/m2, 
a thickness of 0.46 mm, and exhibited a tensile strain of 132.4±3.1 % and 150±6.6% in the 
wales and course direction respectively.  

In some cases, the sewability of EC threads was challenging, adjustments of the 
machine speed and use of silicon oil were necessary to avoid irregular stitches. The 
density of the base fabric affected the precision of the stitches, doubling the fabric in some 
cases enabled more accurate and neat stitches but affected the stretchability of the seam. 
For uniformity purposes, all characterized seams presented hereafter were produced on a 
single fabric without a backing.  

The descriptions of the sensors seams produced are shown in figure 1, the type of 
the respective EC yarn and the conventional yarns used in each seam, the stitch 
dimensions, and the images of the front and the back of the seams. Visual inspection of 
the seams after cycling shows that the main fabric is elongating as well as narrowing 
during cycling. This means that any portion of the EC thread in the direction of the stretch 
is also elongated. 

Table 1. Properties of selected EC threads 

EC thread reference (company) EC thread composition Count 
(dtex) 

Resistance 
(Ω/m) 

Strain at break 
(%) 

Silvertech 120 (Amann) Silver coated PA/PES  
hybrid thread (spun) 260 530 17 

Madeira HC 40 Silver plated PA (spun) 300 < 300* 20 
Madeira HC 12 Silver plated PA (spun) 630 < 100* 25 

Soieries Elite Elinox  
3x(PESHT140dtex2VN35) 

(Twisted PES/ 2 SS 
filaments) x 3 doubled 900 134 14 

Soieries Elite Elinox 
5x(PESHT140dtex2VN35) 

(Twisted PES/2 SS 
filaments) x 5 doubled 1980 82 15 

Soieries Elite Elinox 
PESHT140dtex2VN35 

Twisted PES/ SS  
filaments 1780 100 16 

Soieries Elite Elinox 
PESHT280dtexVN35PES20dtex 

Twisted PES/ SS 
filaments 430 865 17 

Lemur Muriel sensor yarn 70Sh Elastic conductive 
silicone monofilament 

2000* 2000* 300* 

*Asterisk shows manufacturers specifications: PES - polyester; PA - Polyamide; SS - filaments stainless
steel VN35 (Bekintex) 

The strain sensor performance depended on the resistance per meter (ohm/meter) 
of the EC yarn(s) used/employed (mainly 1 EC yarn), the length of the EC yarn in the 
seam length of 100 mm, the number of contact points within the seam length, the seam 
stretchability, and the base fabric stretchability. The initial resistance of the seam just 
before loading depended on the total yarn length in the seam concerning the effective 
current path. Thus complexly configured seams with many flexible loops tend to comprise 
more EC yarn length with more flexible contact points thus unpredictable behavior of the 
strain sensor. The variation in sensitivity could also be due to irregularities in the stitches 
during production or the EC yarn imperfection at microscopic levels. 

The gauge factor (GF) is the most important performance parameter which is a 
dimensionless value that determines the sensitivity of a sensor. The gauge factor of the strain 
sensors at the 2nd, 10th, and 44th cycles was calculated by equation 1: 

𝑮𝑮𝑮𝑮 = 𝚫𝚫𝚫𝚫/𝚫𝚫𝐑𝐑
𝛆𝛆

=  ∆𝚫𝚫/𝚫𝚫𝐑𝐑
𝚫𝚫𝚫𝚫/𝚫𝚫𝐑𝐑

 (1) 
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where R0 and L0 are the unstretched resistances and length respectively; ΔR and ΔL are 
the changes in resistances and length due to stretching respectively; 𝞮𝞮 is the strain. Higher 
initial resistance means that for a given gauge factor changes in strain would produce 
larger changes in resistance. However high resistance sensors also tend to have a much 
lower gauge factor so offsetting this advantage. 

Figure 1. Configurations of the produced sensor seams 

Linearity between seam resistance and absolute strain during loading and offloading 
in the cycling process, repeatability of the loading-offloading patterns for the consequent 
cycles (up to 44), and reproducibility of the strain sensor seams were key aspects in 
selecting the performing sensors. The selected sensors presented in this paper exhibited 

Test 
Sample nr. EC Threads

Stitch-
type Stitch structure Description

Stitch
length

Stitch
width Close-up stitch front Close-up stitch back

406-001 Madeira HC12 (410SMP) 406

Needle thread 1/ 2: Madeira 
HC 12

a: looper thread, 100% PES 
120 dtex

2 mm 6 mm

304-010 Madeira HC40 (410SMP) 304
Needle thread 1 Madeira HC 
40, a- bobbin thread 100% 

PES 75 dtex
1 mm 4 mm

602-006 Madeira HC40 (410SMP) 602
Needle 1 & 2, a looper thread 

100% PES, z cover thread 
Madeira HC 40

2 mm 4 mm

S605-005 Madeira HC40 (410SMP) 605
Needle 1, 2, 3 and a looper 

thread 100% PES 120 dtex, z- 
cover thread Madeira HC40

3,6 mm 7 mm

605-002 Muriel sensor yarn 70 sh 605
z/1/2/3/a  PES sewing threads; 

Muriel sensor yarn is in laid 
(see close-up stitch front) 

3,6 mm 7 mm

602-012
Amann Silvertech +100 

Tex33 602

Needle 1, 2 and a- looper 
100% PES 120 dtex, z- cover 
thread AmannSilverteh+ 100 

tex 33

1,5 mm 2 mm

602-011
Soiree Elite Elinox

PES HT VN35 280 Dtex +
PES 20 Dtex 1000t S/Z

602

Needles 1, 2 and a -looper 
100% PES 120 dtex, z- cover 
thread  PES HT 140 VN35 

280 dtex (with silicone)

1 mm 4 mm

602-020

Soiree Elite Elinox
1x (PES HT 140 dtex 
VN35) , bobbin thread 

100% PES 75dtex

602

Needles 1, 2 and a-looper  
100% PES 120 dtex, z-cover 

thread PES HT 140 
dtexVN35 200T S/Z

1 mm 4 mm

602-023

 Soiree Elite Elinox
5x (PES HT 140 dtex2 
VN35) , bobbin thread 

100% PES 75dtex

602

Needle 1,  2 and a- looper  
100% PES 120 dtex, z-cover 

thread 5x (PES HT 140 
dtexVN35)

1 mm 4 mm

602-022

Soiree Elite Elinox
3 x (PES HT 140 dtex2 

VN35) 602

Needle 1,  2 and a- looper  
100% PES 120 dtex, z-cover 

thread 3 x (PES HT 140 
dtexVN35)

1,5 mm 4 mm

304-011

Soiree Elite Elinox
3 x (PES HT 140 dtex2 

VN35) 304

Needle thread 1 Elinox
3 x (PES HT 140 dtex2 

VN35), a-bobbin thread PES 
75dtex

1 mm 4 mm
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these properties, however, each sensor could hardly return to its exact previous state 
during cycling, hence slight drifts were observed in the consecutive cycles. The drift was 
calculated as the differences in the change in resistance at the peak of the second cycle 
and the peaks of the respective cycles (the 10th, or the 44th cycles). The summary of the 
GF values and Drifts at the respective cycles is shown in table 2. 

Not all seams produced real strain sensors, some seams could barely show any 
response during stretch cycling. Seams with a low response (i.e. low changes of resistance 
upon stretching) were discarded. Therefore after screening only the most promising 
sensors have been selected for presentation. 

Table 2. Summary of G.F values and drifts of the presented sensors 

       The sensor performance varied depending on stitch type to EC-thread combination. 
For instance, sensor seam 406-001 (comprising two EC threads Madeira HC12) had a 
good performance. This sensor seam showed linearity during cycling (the proportional 
changes in resistances during loading and offloading to the changes in the strain) and 
stability in consequent cycles (the same cycle pattern was observed throughout the 
cycling). Three different samples of the same were compared and the results showed 
consistency. The sensor seam is reproducible and showed low variation among the three 
specimens, its resistance varied relatively narrowly between 300-350 ohm (figure 2, a). 
This seam reached an elongation of 80 % during stretch cycling (figure 2, b) at a 
maximum load of 35 N and its GF was 0.52 at the 10th cycle and 0.67  at the 44th cycle, 
with a drift of 21% at the 44th cycle. 

Sensor Seam 304-010 (comprising one EC yarn Madeira HC40) was very elastic 
with maximum elongation of 120%, at 35 N (figure 3, b), and could withstand 44 cycles 
with only 4.8% drift in GF at the 44th cycle. A sample of this sensor seam was very stable 
and had a very low variation of the sensing response between cycles 1-44. However, its 
GF was low (about 0.1). Figure 3, a shows that its resistance varied narrowly (250-270 
Ohm) and that it exhibited low variation between the three similar specimens tested hence 
shows good reproducibility. Figure 3, b shows that this sensor is stable up to 44 cycles. 

EC yarn Madeira HC 40 Madeira HC 12 Muriel sensor yarn 70sh Madeira HC 40 
Stitch number 304-010 406-001 605-002 602-006 

R0 (Ohm) 245.38 250.5 607.92 159.63 
L0 (nm) 100 100 100 - 

Strain (%) cycle 2 116.33 72 84.67 63.8 
Strain (%) cycle 10 121 74 101.92 1.3 
Strain (%) cycle 44 124 75 - - 

ΔR2/R2 (%) 11.1 32.47 149.77 0.53 
ΔR10/R0 (%) 11.5 38.46 197.75 1.41 
ΔR44/R0 (%) 17.87 50.07 - - 

GF cycle 2 cycle 2 0.45 1.77 0.41 
GF cycle 10 0.10 0.52 1.94 1.08 
GF cycle 44 0.14 0.67 - - 

GF drift cycle 10 -0.0004 0.0688 0.1714 0.6769 
GF drift cycle 44 0.049 0.217 - - 

GF drift (%) cycle 10 -0.04 6.88 17.14 67.69 
GF drift (%) cycle 44 4.90 21.66 - - 
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a                                                         b        
Figure 2. Seam 406-001 performance for the three specimens: a - comparison of s1, s2, and 

s3 changes in electrical resistance in time of cycling among samples ( reproducibility); 
B - sensor seam stability up to 44 cycles 

        a                                                           b      
Figure 3. Seam 304-010 performance for the three specimens: a - comparison of s1, s2, and 

s3 changes in electrical resistance in time of cycling among samples ( reproducibility); 
b - sensor seam stability up to 44 cycles 

Sensor seam 602-006 (comprising one EC-yarn Madeira HC 40) was less elastic 
(around 60% at 35 N) and its resistance varied very narrowly (160-170 ohm) within the 10 
cycles as shown in figure 4. The sensor GF was 0.41 at the 2nd cycle and 1.08 at the 10th 
cycle) with a high drift of 68%, at the 10th cycle (it can be seen in figure 4, b that the peak 
of the strain or  delta R/R0 shifts with an increase in the number of cycles). However, this 
sensor had good reproducibility (figure 4, a).  

Sensor seam 605-002 (comprising one Muriel yarn, laid in the seam, on the fabric 
surface) exhibited very high sensitivity. Controlling the yarn tension during sewing was 
very difficult and this resulted in large variation among identical samples as can be seen in 
figure 5, a. Nevertheless, the sensitivity pattern of the first 10 cycles was similar for both 
samples with large strains. These seam sensors could easily stretch up to 100% of the 
original length at the given load of 35N and exhibited very high variation in delta R/R0 
after 10 cycles. The sensor GF was1.77 at the 2nd cycle and 1.94 at the 10th cycle with a 
high drift of 17%, at the 10th cycle. 
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   a       b 
Figure 4. Seam 602-006 performance for the two specimens: a - comparison of s1 and s2 

changes in electrical resistance in time of cycling among samples ( reproducibility); b - drift 
in the gauge factor with the increase in the number of cycles within  sample 2 

(a)                                                                                   (b) 
Figure 5. Seam 605-002 performance for the two specimens; a - comparison of s1 and s2 

changes in electrical resistance in time of cycling among samples (reproducibility); b - drift in 
the gauge factor with the increase in the number of cycles within sample 2 

The sensing mechanism is as a result of the alteration of the electromechanical 
properties of the seams under stress/strain deformation. Therefore the type of base fabric 
used, stitch type, stitch formation process (friction and dynamic forces during sewing), 
integrated EC thread length, and positioning of thread(s) in the fabric have significant 
influence on the performance of the seams during cycling hence an influence on the 
sensitivity stability and reproducibility of the strain sensor seams. 

4. CONCLUSION

Different types of EC threads were used to produce various seam types on a fabric 
substrate typically used for sportswear. The EC yarns were used mostly as bobbin threads 
to sew them with as little tension and friction as possible.  

Sensor seam 406-001comprising 2 EC yarns (Madeira HC12) and Sensor seam 
304-010 comprising 1 EC yarn (Madeira HC40) turned out to be very promising and 
others shall be improved (sensor 602-006 with Madeira HC 40 and sensor 605-002 with a 
Muriel yarn). Such strain sensors can be potentially used for monitoring body movement 
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in sportswear. Further research is needed to optimize configuration EC yarns-fabric-stitch 
for monitoring movements with the desired stretch, to integrate the sensor, to foresee 
appropriate connections, and actual assessment of sensor performance and reliability in 
time and upon garment washing among others. 
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Abstract: Universal mask use has emerged as one of the main strategies for reducing community transmission of 
the SARS-COV-2 virus. Due to the scarcity of material to produce disposable surgical masks, the governmental 
strategy was oriented to the community masks, even though performance levels were still not the same. 
This study intended to develop a new generation of surgical masks with different warp knit structures, 
evaluating the potential of multilayer gradient performance. The assembling methodology was also 
considered by modifying flat-bed calendering process parameters and manipulating final structures into a 
new origami design concept, and the overall mask filtration performance was reviewed. 
The overlapping of monolayers increased the substrate resistance to air and water vapour permeability, also 
influencing the water molecule's adhesion. The introduction of the web allowed a better layer assembling during 
the flat-bad process. Moreover, the breathability and water vapour diffusion are compromised since the 
adhesive web with temperature tends to merge and occupy the empty spaces between the layers. Moving 
forward, calendared structures without a web proved to be the best approach, meeting the certification criteria 
for surgical masks level I and II. 
 
Keywords: calendaring, filtration, mask design, multilayer, warp knit 
 

1. INTRODUCTION 
 
The Covid-19 pandemic virus is transmitted mainly through air droplets generated 

when infected individuals cough, sneezes, talk or exhale. These droplets are too heavy to be 
suspended in the air and quickly settle on surfaces [1-3]. Transmission occurs through 
inhalation of the virus or contact with contaminated surfaces crossed with the touch of the 
eyes, nose, or mouth. For that reason, universal mask use has emerged as one and primary 
strategy for reducing community transmission of the virus [4]. The study of Chan et al. [5], 
confirmed that wearing a surgical mask prevents and reduces the transmission of the virus 
between the infected patient and the unexposed person [5]. 

Until the Covid-19 pandemic, production of most of the masks was relatively cheap, 
so advanced economies left their production aside. In this context, for several years, Asia has 
responded to the market's needs in terms of melt-blown nonwoven manufacturing. However, 
due to the nonwoven immediate and uncontrolled need, the response capacity was no longer 
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efficient, and the rest of the world depended on a single source [6]. 
This pandemic caused the purchase of personal protective equipment (PPE) to increase 

rapidly, and promote the global shortage of equipment, especially face masks. Surgical masks 
are the most common type of face masks used to prevent respiratory infections. Surgical 
masks are composed of three layers, composed of synthetic nonwoven materials, and one of 
them, the middle layer, is the filtration layer. In Europe, properties and performance levels are 
governed by the EN 14683: 2019 standard, which encompasses three types of surgical masks 
(Type I, Type II, and Type IIR) [1]. Due to the scarcity of material to produce disposable 
surgical masks, the governmental strategy was oriented to the community masks, even though 
performances were still not the same [2]. 

Respirator masks have a higher level of protection against smaller particles (aerosols, 
gases, and vapours), however surgical masks are most comfortable. Violante concluded that 
the respirator masks are the most difficult to breathe, creating one obstacle for continuous use 
[7]. The frictional forces caused by using medical devices distort skin cells and tissues, which 
leads to damage. The loss of the integrity of the facial skin creates a portal for the penetration 
of pathogens. These damages in the skin are caused by the materials used in the construction 
of the masks, which have a high coefficient of friction with the skin, do not release efficiently 
the moisture created, which in turn increase the coefficient of friction even more. This 
problem can be solved through a more efficient choice of raw materials, with a lower friction 
coefficient [8]. 

To assembly the different layers that compound the masks, several processing 
technologies can be considered. Between them, calendering is a thermal bonding process 
where thermoplastic fibres melt and are bonded with the base material. Several variables in 
the calendering process change the properties of the final product, such as temperature, 
applied pressure, speed, and contact time. For application in nonwovens, it is necessary to be 
especially careful with the temperature, since the excessive increase may lead to the 
degradation of the raw material and a decrease in porosity, promoting the decrease in 
permeability [9].  

According to Çinçik and Günaydin [9], the calendering process affects the structural 
properties and the mechanical performance (abrasion resistance), and the moisture 
management properties (permeability) of the final products. According to the results obtained, 
the thickness of the samples decreased with increasing temperature, which caused a decrease 
in porosity, an increase in density, and, consequently, makes the structure more compact. This 
more compact structure presents worse mechanical performance and permeability since a 
larger area is melted [9]. 

In this context, the main goal of this work consists of the study of the influence of 
different types of materials and calendaring processing conditions in the development of 
multilayer textile structures for filtering applications. 

2. MATERIALS AND METHODS

This study is divided into two phases, namely: 
• Phase I – Development of Fibrous Structures;
• Phase II – Development of Multilayer Filtration Fibrous Structures.
In Phase I, five knits and a nonwoven are analysed individually, to select the most 

efficient monolayers for the development of the multilayer that will be analysed and evaluated 
in Phase II. 
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2.1 Phase I: Development of Fibrous Structures 
To develop fibrous structures for filtration was applied a multilayer concept, 

composed of three layers of knitted structures with different functions – comfort, filtration, 
and protection. The comfort layer (inner layer) should promote thermoregulation and moisture 
management as well as should be ergonomic and adaptable to the face. A filtration layer 
(intermediate layer) acts as diffusion and electrostatic filter for particles and microorganisms. 
The protective layer (outer layer) should be hydrophobic and behave as a semi-permeable 
barrier. 

Therefore, it is crucial to choose materials based on the individual performance of 
specific functional tests. A performance study was realized with six different monolayers, 
comparing different knitted structures, shown in table 1 and figure 1.  

Table 1: Fabric properties used in the experimental procedure 
Sample code Production method Composition Areal weight 

(g/m2) 
Substrate 

thickness (mm) 

A Warp knitting 2-bar Polyester 117 ± 8.50 0.41 

B Warp knitting 2-bar Polyester 115 ± 10.00 0.41 
C Warp knitting 3-bar Polyester 155 ± 15.00 0.69 
D Warp knitting 3-bar Polyester 92 ± 5.00 0.48 
E Warp knitting 3-bar Polyester 89 ± 5.00 0.47 

F Melt-blown Nonwoven Polypropylene 25 ± 0.01 0.17 

Samples A and B were produced with the 2-bar warp knit structure, samples C, D, and 
E were produced with the 3-bar system, and sample F is a melt-blown nonwoven 
polypropylene meant to be placed in the filtration layer because it captures the unwanted 
particles [10]. 

Figure 1: Knitted Structures: a - Sample A; b - Sample B; c - Sample C; d - Sample D; 
e - Sample E. 

The sample's performance was evaluated through the moisture management properties 
- water vapour, and air permeability. 

The air permeability of the substrates was performed by the rate of airflow passing 
perpendicularly through a 20 cm2 area of fabric measured at a given pressure over 1 minute. 
The air permeability properties of the materials were measured using TEXTEST FX 3300 air 
permeability instrument according to the NP EN ISO 9237 – 2005 standard. The evaluation of 
this property was evaluated using three different air pressures: 40 Pa as required for mask 
characterization, 100 Pa for personal protective equipment, and 200 Pa for knitted structure 
evaluation. The water vapour permeability test determines the amount of water dissipation in 
the form of steam using Shirley Water Vapour Permeability Tester - SDL International. The 
"Control dish method" was used by the tissues and following the BS 7209: 1990 standard 
under isothermal conditions to perform this test. A Contact Angle System OCA 20 
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goniometer was used to measure the samples' top layer's hydrophobicity through droplet 
contact angle parameters. The water was injected slowly onto the surface by a syringe, 
repeated for ten droplets with the 5 µl volume. The experiments were performed under similar 
conditioned laboratory environments. The surface is considered hydrophobic when the 
contact angle is superior to 90º or super hydrophobic if higher than 150º. 

2.2 Phase II: Development of Multilayer Filtration Fibrous Structures  
The multilayer fibrous structures used in this study have three distinct layers, namely: 

the chosen comfort layer was sample B due to its good moisture release capacity and water 
vapour permeability. The protective layer chosen was sample D, due to demonstrated liquid 
repellence and semi-permeable barrier effect. The diffusion layer was composed of 
polypropylene TNT produced through a melt-blown process (sample F). Thus, with the same 
fibrous structure, 9 different samples were developed, as can be seen in table 2.  
To promote better adhesion between the layers and form a multilayer fibrous structure, a 
calendaring process was carried out. A Flatbed KFK- EL, Meyer® was the calendar used in 
this study, where the influence of pressure, temperature, speed, and level variable parameters 
were studied. As a result, nine different multilayers were produced, based on the variation of 
temperature and pressure, as well as the addition of an adhesive copolyester web (ZK8 from 
Protechnic). 

Sample NC refers to multilayer without calendaring process, being composed by the 
overlapping of structures B, D and F. The four samples with code M refer to calendared 
structures without adhesive web, while the remaining four samples coded as MW refer to 
samples calendared with adhesive web addition. Numbers 1 to 4 present throughout the 
sample codes are related to the conditions used during the calendaring process. Number 1 
refers to 110°C and 7 N/m2; number 2 - 110°C at 10 N/m2; number 3 - 120ºC at 7 N/m2, and 
number 4 - 120ºC at 10 N/m2. In addition, the performance of multilayer samples was 
compared to a marketed surgical mask level II, with the sample code SM. As described in 
Table 2. 

Table 2: Sample production calendaring parameters 
Sample 

code Fibrous structure 
Calendar Parameter Adhesive 

web Temperature 
(ºC) 

Pressure 
(N/m2) 

Level 
(mm) 

Speed 
(m/min) 

SM Multilayer Melt-blown Calendared 

Without 

NC 

Multilayer B+D+F 

Non-calendared 
M1 110 7 

0 5 

M2 110 10 
M3 120 7 
M4 120 10 

MW1 110 7 

With 
MW2 110 10 
MW3 120 7 
MW4 120 10 

After the calendaring process, the samples' performance was evaluated through the 
moisture management properties - hydrophobicity, water vapour, and air permeability. 
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3. RESULTS AND DISCUSSION
In this chapter, the results of the two studies presented above will be presented and 

discussed. 

3.1 Phase I: Development of Fibrous Structures 
The air permeability behaviour of monolayers was shown in table 3. 

Table 3: Air permeability behaviour of monolayers 
A B C D E F 

Air 
permeability 

(L/min) 

40 
Pa 

32.40 ± 
4.50 

37.56 ± 
2.50 

38.16 ± 
4.50 

148.80 ± 
15.00 

140.40 ± 
15.00 

9.76 ± 
0.80 

100 
Pa 

76.80 ± 
7.00 

86.40 ± 
19.50 

90.36 ± 
21.50 

290.40 ± 
15.00 

280.80 ± 
0.00 

23.04 ± 
7.00 

200 
Pa 

140.40 ± 
5.00 

158.40 ± 
5.00 

170.40 ± 
5.00 

474.00 ± 
5.00 

454.80 ± 
5.00 

50.40 ± 
8.00 

Water vapour 
permeability (%) 

96.10 ± 
0.02 

96.79 ± 
0.12 

92.60 ± 
0.06 

99.11 ± 
0.02 

94.26 ± 
0.02 - 

The knits produced with warp knitting 2-bar (A and B) and the knit produced with 
warp knitting 3-bar (C) have very similar behaviour and a lower air permeability than 
presented by the knits produced with warp knitting 3-bar (D and E). The sample F used in the 
development of surgical masks, acting as a filter, as expected, has the lowest air permeability 
of the samples, due to its more closed structure, with small pores. Therefore, it is considered 
suitable for the filtration layer. 

As verified in figure 1, similar fibrous structures translate into similar breathability, as 
seen from samples A/B, and D/E. The structure of sample C is very different from the rest but 
has behaviour identical to samples A/B. The structures of the D/E knits are more open and 
less dense than the rest knits (table 1), so it is normal to have higher air permeability than the 
other samples, as these two parameters significantly influence the permeability. These results 
are according to the study by Rodriguez-Palacios et al., 2020, in which more porous structures 
are more permeable and thus more susceptible to the passage of microbial agents, therefore 
less efficient in the retention of these agents [3]. It is important to note that these samples are 
all made of polyester and that in this case, the type of fibre used is not a differentiable factor. 
However, the fibrous structure has a significant effect on the breathability of the different 
textile samples. 

The increase in pressure promoted the increase of air permeability. The increase from 
40 to 100 Pa caused more than double the increase in air permeability. This correlation no 
longer happens in the increase from 100 to 200 Pa. All samples met the requirement of 
allowing the passage of airflow of 8 l/min. 

The water vapour permeability of monolayers is illustrated in Table 4. Based on the 
requirements, all samples must allow water vapour permeability higher than 80%. It appears 
that all samples comply with the condition, exceeding it by a considerable margin. Sample D 
has water vapour permeability very close to 100%, like the behaviour of the standard fabric. 
Therefore, this sample has suitable properties to be applied in the outer layer once it translates 
into a decrease in the moisture accumulated inside the mask, and therefore greater comfort 
during use. 

As verified with air permeability, identical structures were expected to exhibit similar 
water vapour permeability. However, this does not happen between D and E samples. It 
would also be expected that the samples with the highest air permeability would be the same 
as the water vapour permeability, being valid for sample D, but not for E. This could be 
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explained by the saturation of the samples due to the hygroscopic capacity of the fibres. For 
the validation of this perspective, further tests should be carried out. 
On the other hand, sample C did not behave identically to A and B samples. It was evident 
that the structure of sample C is more closed than the structures of samples A and B, due to 
the higher number of bars used in the production. Thus, although these three samples (A, B, 
and C) are denser and have a more closed structure, they present higher water vapour 
permeability, which correlates with the samples' hydrophilicity. 
In this sense, it was concluded that the best combination of monolayers is with B-D-F 
samples. Sample B is suitable for the inner layer of the mask to promote comfort, being the 
sample that showed the best results regarding water vapour permeability, turning it suitable 
for the human face can diffuse the moisture created inside the mask and not damage the skin. 
Sample D is one that best fits the function of the protective layer. It stood out with good levels 
of air permeability and good repellency on its surface, characteristics that allow ideal 
protection. The nonwoven sample F fulfils the requirements to perform the filtration function, 
not allowing the passage of pathogens. It presented low air permeability and the necessary 
hydrophobicity for this function. 

3.2 Phase II: Development of Multilayer Filtration Fibrous Structures  
The air permeability behaviour of multilayer fibrous structures is shown in table 5. 

Table 5: Air permeability behaviour of multilayers 
SM NC M1 M2 M3 M4 MW1 MW2 MW3 MW4 

A
ir

 
pe

rm
ea

bi
lit

y 
(l/

m
in

) 

40 
Pa 

5.02 ± 
0.96 

7.96 ± 
1.88 

2.17 ± 
0.32 

2.80 ± 
0.81 

2.62 ± 
0.84 

2.28 ± 
1.24 

1.46 ± 
0.56 

1.51 
± 0.34 

1.44 ± 
0.91 

1.91 ± 
1.16 

100 
Pa 

12.96 
± 3.67 

19.68 
± 3.89 

5.92 ± 
1.71 

6.76 ± 
2.53 

6.38 ± 
1.01 

5.50 ± 
2.57 

3.92 ± 
1.39 

3.91 
± 0.61 

3.94 ± 
2.11 

5.11 ± 
1.07 

200 
Pa 

26.28 
± 6.78 

39.72 
± 6.33 

10.72 
± 4.62 

13.32 
± 4.00 

11.88 
± 3.83 

10.22 
± 2.87 

7.09 ± 
3.30 

7.62 
± 1.77 

7.38 ± 
5.17 

9.78 ± 
2.61 

The increase of the number of layers, as well as the combination of different 
structures, increases the density, which consequently increases the resistance to airflow [3]. In 
addition to the permeability decreasing with the increase of layers, it also decreases with the 
calendaring process because the applied temperature and pressure reduce the pore size of the 
knit. The calendaring process promotes the decrease of air permeability around 69% at 40 and 
100Pa, and 71% at 200Pa, compromising the capacity to allow air to diffuse, compared to the 
non-calendared sample (NC). The addition of the web in the calendaring process further 
decreases the air permeability, as it is another layer and an adhesion layer. The addition of the 
web (samples MW1, MW2, MW3, and MW4) causes the decrease of air permeability around 
36% at 40Pa, and 31% at 100 and 200Pa, compared to the without web samples (samples M1, 
M2, M3, and M4). Thus, it appears that the addition of layers and processes decreases the 
permeability to air. 

The multilayer NC has greater air permeability than the SM, which may be associated 
with the fact that the NC does not have its three layers united and has no process that changes 
its structure. The multilayer fibrous structures developed have lower air permeability than the 
commercialized multilayer (SM), which may be due to the structures of the knits as suggested 
by Lu et al. [11]. 

The water vapour permeability of multilayer fibrous structures is presented in table 6. 
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Table 6: Water vapour permeability behaviour of multilayer fibrous structures 
NC M1 M2 M3 M4 MW1 MW2 MW3 MW4 

Water vapour 
permeability 

(%) 

98.93 
± 0.01 

91.86 
± 0.00 

90.80 
± 0.02 

90.47 
± 0.03 

97.68 
± 0.02 

91.17 
± 0.01 

86.35 
± 0.05 

90.47 
± 0.03 

92.03 
± 0.00 

All samples have excellent water vapour permeability, higher than 80%, where NC 
and M4 samples have permeability close to 100%. The increase in density due to the increase 
in the number of layers contributes to a decrease in permeability compared to monolayers. 
Following Rodriguez-Palacios et al., 2020, in which the addition of several layers contributed 
to the decrease in permeability and manages to avoid the ejection of large macro-drops [3]. 
The calendaring process and the introduction of the web decrease the water vapour 
permeability. It is possible to deduce that higher temperatures and pressures promote greater 
permeability (samples M4 and MW4) and that the introduction of the web naturally promotes 
a slight decrease in permeability (MW4 vs M4). 

The study of the contact angle is shown in figure 2. 

Figure 2: Contact Angle: a - Sample SM, 163.1º; b - Sample NC, 144.4º;  
c - Sample M1, 148.0º; d - Sample M2, 159.4º; e - Sample M3, 147.3º;  

f - Sample M4, 150.2º; g - Sample MW1, 161.0º; h - Sample MW2, 167.5º; 
i - Sample MW3, 159.2º; j - Sample MW4, 156.0º 

As it can be observed in the calendaring process, the increase in pressure and the web 
introduction tend to increase the substrate hydrophobicity, except for the MW4 sample. The 
adhesion between the layers produces a multilayer with greater repellence, which does not 
allow the molecules adhesion on its surface. The sample MW2 has a more hydrophobic 
surface than the SM. The SM, M2, M4, MW1, MW2, MW3, and MW4 samples are super 
hydrophobic, having a contact angle over 150ºC. 

According to the DSC analysis, the melting temperature of polyester knits, samples B 
and D is approximately 255ºC, while the melting temperature of sample F (polypropylene 
nonwoven) is 165ºC. The calendaring process did not reach these temperatures, causing the 
assembly process to fail, not creating adhesion between the layers. However, in the 
temperature range of 110-120ºC, polypropylene already begins the melting phase transition, 
shrinking its pores, thus creating higher air and water vapour permeability resistance. 

In this context, it can be concluded that the introduction of the web intensifies the 
effects caused by the calendaring process. Furthermore, the breathability and water vapour 
diffusion are affected since the adhesive web with temperature tends to merge and occupy the 
empty spaces between the layers. However, the adhesion of the layers becomes advantageous 
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at the mechanical performance, allowing that the nonwoven improves its resistance, comfort, 
adaptability to the skin, and the surface repellence of the multilayer fibrous structure.  

4. CONCLUSIONS

Through this work, was intended to study the influence of different types of materials 
and calendaring processing conditions in the development of multilayer textile structures for 
filtering applications. In this context, it can be concluded that the materials that best fit the 
desired purpose were a multilayer fibrous structure composed of the monolayers B, D, and F. 
Regarding the processing parameters in the calendaring process, it can be concluded that the 
pressure has more influence than temperature, and 10 N of pressure reveals as the best 
condition to obtain better results in air and water vapour diffusions, and a super hydrophobic 
surface, making the samples perform better with the imposed needs. 

Through a decision matrix, where all tests have the same degree of importance, it was 
concluded that the sample that has the best performance is MW3. It stands out mainly for its 
comfort and the super hydrophobicity of its surface. 
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Abstract: The emergence of increasingly contagious diseases in these days, such as COVID-19, increased the 
need to develop more effective personal protection equipment’s (PPEs). Therefore, the goal is to create textile 
materials capable to act against bacteria, virus or fungi, with a long-lasting performance but, at the same 
time, that could be comfortable and safe for their users. In this sense, based on the advantages of 
nanotechnology, the aim of this work was to functionalize organic raw cotton fibers with zinc nanoparticles 
(NPs) and previously tretated with NaOH, for the further production of multifunctional yarns with 
antimicrobial activity. Thereby, the fibers functionalization was tested using 1% w/w and 2% w/w of zinc NPs 
aqueous dispersion, being subsequently evaluated their distribution, chemical nature and zinc concentration 
by SEM/EDS and Atomic Absorption Spectroscopy, respectively. Subsequently, using the functionalized fibers, 
a yarn was spinned and their structural, mechanical and moisture management properties determined. Also, to 
assess the influence of the produced yarn on the properties of a fibrous structure, a single jersey knit sample 
was further produced and evaluated regarding their mechanical, moisture management and antibacterial 
properties. Based on the methodology used it was possible to develop a yarn with a tenacity 24% higher and a 
knit sample 28% more breathable and with a water evaporating ratio 37% higher than the one without any 
treatment or functionalization, but mainly with a strong antibacterial activity against both gram-negative 
(Klebsiella Pneumoniae) and gram-positive (Staphylococcus Aureus) bacteria, presenting therefore potential 
to be used in the production of effective PPEs.  

Keywords: antimicrobial activity, exhaustion, multifunctional yarn, organic cotton, Zinc nanoparticles 

1. INTRODUCTION

The outbreak of the COVID-19 pandemic, which appeared at the end of 2019, has 
had a tremendous impact on the entire world, both in terms of health, economics and the 
environment. Being a highly infectious disease that is transmitted by droplets released when 
an infected person coughs, sneezes, or exhales and that quickly contaminate the surrounding 
environment, COVID-19 pandemic has triggered an urgent need for effective personal 
protective equipment’s (PPEs), capable to protect, control and prevent the spread of this 
potentially fatal virus [1]. Hence, in the field of textile materials directed to this issue, the 
challenge has been to design and develop suitable textile structures that encompass multiple 
functionalities, namely, long-lasting resistance to the attack of dangerous microorganisms, 
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such as bacteria, virus or fungi, but without compromising their comfort properties and 
safety standards [2,3]. 

For this purpose, the application of nanotechnology has opened a new frontier in the 
area of textile finishing of imparting various functional properties to the textile materials. A 
variety of metal and metal oxide nanoparticles (NPs), such as silver, gold, zinc, zinc oxide, 
titanium oxide, or copper oxide are now applied as an effective way to provide textiles with 
antimicrobial properties due to their high specific surface area, which allows to react with 
multiple microorganisms [3-6]. In particular, zinc-based NPs have been extensively used for 
textile finishing, since they have proven to be a viable solution for fighting a broad spectrum 
of bacteria, both gram-positive and gram-negative, fungi and even viruses [7]. The 
mechanisms pointed out as the main responsible for the antimicrobial activity of this 
nanomaterial are the release of antimicrobial ions, such as Zn2+, the interaction between the 
nanoparticles with microorganisms cell wall and the formation of reactive oxygen species 
(ROS), which ultimately destabilize or damage the cellular structure of the microorganisms, 
killing and/or inhibiting their growth [8].  

In order to apply this type of nanomaterials into textile structures, the most common 
ways are their incorporation into the polymer bulk during the processing of synthetic fibers 
or the application of a surface finishing, such as coating, or modification as a chemical or 
physical finishing treatment in natural and synthetic textiles. Among these methods, the 
application at the textile finishing stage is a more common and popular choice, being done 
mostly via traditional pad−dry−cure or exhaust techniques [3,6,9-12]. However, the 
application of antimicrobial agents during textile finishing stage could have some 
disadvantages associated like disappearance of the functionalizing layer from the textile 
surface over time or the low incorporation of antimicrobial agents, which ultimately results 
in an ineffective and short-lasting antimicrobial activity.  

Therefore, in the present work, it is proposed a new approach, namely the 
functionalization of a very common natural fiber – organic cotton fiber, with zinc 
nanoparticles (NPs), by exhaustion method, for the development of a multifunctional yarn 
with antimicrobial properties. The goal with this new multifunctional yarn is to produce any 
organic cotton-based fibrous structure, homogeneously composed by zinc NPs and 
consequently resistant against a broad spectrum of dangerous microorganisms, being 
therefore able to be used in the development of PPEs. 

2. MATERIALS AND METHODS

2.1 Materials 
Organic raw cotton fibers, supplied by TEARFIL Textile Yarns, were used in this 

study. The zinc NPs (130 nm) applied for the functionalization of organic raw cotton fibers 
were purchased from IoLiTec-Ionic Liquids Technologies GmbH.  

2.2 Alkaline pretreatment of raw cotton fibers 
Prior the functionalization with zinc NPs, organic raw cotton fibers were subjected 

to an alkaline pretreatment where organic cotton fibers were treated with an aqueous 
solution of 10 g/l NaOH, 2 g/l Kieralon OLB New and 1 g/l Calgon T at 98ºC, keeping a 
material to liquor ratio of 1:40. After 60 minutes, the temperature was dropped to 50ºC and 
the fibers were washed with abundant distilled cold water until it reached a neutral pH. 
Finally, the pretreated fibers were dried in an oven at 65ºC, for 24 hours.  
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2.3 Functionalization of organic cotton fibers with zinc nanoparticles 
The functionalization of pretreated organic cotton fibers was performed by 

exhaustion method applying a zinc NPs aqueous suspension. For the preparation of the 
aqueous suspension, 1% w/w and 2% w/w of zinc NPs, were diluted in distilled water, 
under vigorous stirring, until complete homogenization, and then sonicated for 5 minutes at 
room temperature. Subsequently, the pretreated cotton fibers were submerged into the zinc 
NPs suspension with a material to liquor ratio of 1:40 and placed in AHIBA 
SPECTRADYE datacolor® equipment. The functionalization proceeded at 100ºC, 40 rpm, 
for 60 minutes. At the end of the process, the temperature was dropped to 50ºC and the 
functionalized cotton fibers were rinsed thoroughly with cold distilled water and dried at 
65ºC, for 24 hours.  

2.4 Yarns and jersey knit samples production 
From organic cotton fibers subjected to an alkaline pretreatment followed by zinc 

NPs functionalization and from organic raw cotton fibers with no treatment applied, two 
yarns, CO_Zn and CO_0, respectively, were spun by ring spinning at Tearfil with a Ne 24/1. 
These yarns were further used to produce two jersey knit samples with a loop length of 0.38 
cm using a laboratorial single jersey circular knitting machine.  

2.5 Characterization methods 
In order to evaluate the effectiveness of the methodology used to incorporate zinc 

NPs into organic cotton fibers and its influence on the properties of the yarns and jersey knit 
samples subsequently produced, a set of characterization methods and normative tests were 
performed.  

The incorporation of zinc NPs into organic cotton fibers was evaluated by Scanning 
Electron Microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS) and quantified 
by Atomic Absorption Spectroscopy (AAS). By SEM/EDS it was observed the presence and 
distribution of zinc NPs and analyzed the elemental composition of the surface cotton fibers. 
This analysis was performed using a NOVA 200 Nano SEM equipped with an EDS 
integrated system from FEI Company (Hillsboro, OR, USA). The determination of zinc 
concentration in functionalized cotton fibers was carried out with a novAA 350 atomic 
absorption spectrophotometer from Analytik Jena GmbH using an acid digestion method. 
Therefore, approximately 1 g of functionalized cotton fibers was dissolved in a hot mixture 
of concentrated nitric acid and sulphuric acid (1:3). After cooling, the solution was diluted 
to 25 mL using distilled water and the concentration of zinc, in parts-per-million (ppm), was 
determined.  

Regarding the yarns under study, it was evaluated their structural properties (linear 
density and twist), mechanical properties (tensile strength and loop tensile strength) and 
moisture management properties (vertical wicking behavior and static water absorption 
capacity). The linear density and twist of yarns were determined in accordance with NP ISO 
2060:1995 and NP ISO 2061:2015, respectively. The yarns tensile strength was determined 
according to NP EN 2062 and loop tensile strength was determined according to ASTM 
D3217, NP EN 2062 and ASTM D7269. In both tests, ten specimens from each yarn, 
without and with a loop, were pulled at a constant speed rate of 500 mm/min until its break. 
The length between grips was 500 mm and the pre-tension applied was 0.5 cN/Tex. These 
tests allowed to determine the breaking force, maximum elongation and tenacity of the 
yarns under study. To evaluate the yarns capillarity, a vertical wicking testing was 
performed. The vertical wicking test followed the method described in Fangueiro, 2010 
[13], where ten specimens with 200 mm of length were analyzed. Each specimen was 
placed in an upright position and the lower end was immersed 30 mm into stained water 
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where the water displacement was subsequently measured every minute until 10 minutes. 
To measure the static water absorption of yarns, the Bureau Veritas Consumer Product 
services BV S1008 internal testing method was carried out. In this test, five specimens of 
each yarn were conditioned and their mass evaluated. The samples were then kept in water 
for five minutes at room temperature. After that, the samples were hanged for three minutes 
to remove the excess of water and then the mass of the wet samples was measured. The 
amount of water absorbed by the yarn samples were calculated by taking the difference 
between the wet (mw) and the dry mass (md). The percentage of water absorption (Sw) was 
calculated according to equation 1: 

𝑆𝑆𝑤𝑤 =
(𝑚𝑚𝑤𝑤 −𝑚𝑚𝑑𝑑)

𝑚𝑚𝑑𝑑
× 100 (1) 

The jersey knit samples performance was evaluated through the mechanical 
properties (tensile and friction tests), moisture management properties (air permeability and 
drying rate capacity) and antibacterial activity. The breaking strength and elongation of 
jersey knit samples were determined by applying the grab test method specified in ASTM 
D5034, where ten specimens (five in wale direction and five in course direction) from each 
knitted structure were cut, with dimensions of 200 x 100 mm, and pulled at a constant speed 
rate of 100 mm/min until its break, using a length between grips of 100 mm. To measure the 
surface friction of the knit samples, a frictional feel analysis was performed using the 
equipment protected by Portuguese Patent No. 102790. The working principle of this 
equipment is based on a rotary movement and, therefore, on the measurement of a friction 
reaction torque. Friction coefficient (µ) is computed from the friction reaction torque 
measured by the torque sensor and is used to infer about the friction of the knits with the 
human skin [14]. The air permeability of the knit samples was evaluated by measuring the 
rate of airflow passing perpendicularly through a 20 cm2 area of five specimens from each 
knit sample, at 200 Pa, for 1 minute. For this purpose, a TEXTEST FX 3300 air 
permeability equipment was used according to NP EN ISO 9237 – 2005 standard. Drying 
capacity was evaluated by calculating the drying rate of the knit samples, according to the 
method described in Fangueiro, 2010 [13]. Briefly, five specimens from each jersey knit 
sample, previously conditioned, were cut as 200 x 200 mm square, put on the plat of the 
balance and the drying weight was recorded as wf (g). After that, 30% of the dry sample 
weight, on water, was added to each specimen and the resultant weight was recorded as w0 
(g). The wet specimens were then put in an oven at 33 ± 2°C and their weight (wi) was 
recorded at regular intervals, for 30 minutes. The “Water Evaporating Rate (WER)”, which 
expresses the percentage of water that evaporated from the sample, was then calculated 
according to equation 2: 

𝑊𝑊𝑊𝑊𝑊𝑊 =  
(𝑤𝑤0 − 𝑤𝑤𝑖𝑖)
(𝑤𝑤0 − 𝑤𝑤𝑓𝑓)

 × 100 (2) 

Antibacterial activity of the jersey knit samples against Staphylococcus Aureus 
(ATCC 6538) and Klebsiella Pneumoniae (ATCC 4352) was evaluated by the absorption 
method in accordance with ISO 20743:2013 standard. In order to evaluate the 
commercialization potential of this new yarn, the obtained results were compared to a jersey 
knit sample produced from a commercial antibacterial fiber incorporating also zinc NPs, 
SmartcelTM Sensitive. Therefore, a bacterial suspension was directly inoculated on the jersey 
knit samples and the antibacterial activity value (A) was calculated according to equation 3: 
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𝐴𝐴 = 𝐹𝐹 − 𝐺𝐺 = (𝑙𝑙𝑙𝑙𝑙𝑙 𝐶𝐶𝑡𝑡 − 𝑙𝑙𝑙𝑙𝑙𝑙 𝐶𝐶0) − (𝑙𝑙𝑙𝑙𝑙𝑙 𝑇𝑇𝑡𝑡 − 𝑙𝑙𝑙𝑙𝑙𝑙 𝑇𝑇0) (3) 

where F and G are the growth values on the reference sample and on the jersey knit samples 
under study, respectively. C0, Ct, T0 and Tt are the average of the number of bacteria 
(Colony Forming Units per milliliter) obtained from three reference samples (C) or three 
knit samples (T), immediately after inoculation (C0 and T0) and after 24 h incubation (Ct and 
Tt). Based on the A value, the efficacy of the antibacterial properties of the jersey knit 
samples can be considered as null, if A < 2, significant, if 2 ≤ A < 3, or strong, if A ≥ 3. 

3. RESULTS AND DISCUSSION

Knowing in advance that the organic cotton fibers are composed by cellulosic 
molecular chains that in a neutral aqueous solution became negatively charge, it is expected 
an easy adsorption of positively charged ions, such as Zn2+ on the organic cotton fibers 
surface without the application of additional chemical reagents [15]. Moreover, based on 
literature, the application of elevated temperatures during the exhaustion process supplies a 
higher kinetic energy to the functionalizing NPs, which strikes cotton fibers with more 
frequency and greater force, becoming entrapped in surface pores more easily [5]. 
Therefore, based on these inputs it was proposed the functionalization of organic raw cotton 
fibers with 1% and 2% of zinc NPs, applying only a simple zinc NPs aqueous suspension at 
high temperature using the exhaustion method which, based on the characterization 
performed, proved to be effective in incorporating zinc NPs into organic cotton fibers. As 
can be seen in figure 1, b and c, it is observed the presence of NPs distributed 
homogeneously through the surface of cotton fibers that are not present in the organic cotton 
fibers without functionalization, as observed in figure 1, a, which indicates an effective 
incorporation of the zinc NPs. In order to confirm the chemical nature of these NPs, the 
samples were further analyzed by EDS. In the case of organic cotton fibers without 
functionalization the only chemical elements detected were carbon (C) and oxygen (O), as 
observed in the spectrum of figure 1, d, which are the main chemical elements that compose 
the cellulosic chains of cotton fibers [16]. However, in the case of organic cotton fibers 
functionalized with 1% and 2% of zinc NPs, another chemical element was detected by 
EDS, zinc, as observed in figure 1, e and f, which unmistakably proves the presence of zinc 
NPs on the organic cotton fibers and therefore the success of the functionalization process 
used. 

Despite the SEM analysis of cotton fibers functionalized with zinc NPs already 
suggest a greater incorporation of NPs in the fibers functionalized with 2% of zinc NPs 
(figure 1, c), a quantitative analysis of these fibers was also performed in order to determine 
the real zinc concentration. By AAS, it was determined that the concentration of zinc in 
cotton fibers functionalized with 1% and 2% of zinc NPs suspension was, respectively, 4300 
ppm and 6200 ppm, which confirms the qualitative analysis previously performed through 
SEM images. 
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Figure 1. SEM images and EDS spectra of organic cotton fibers: a, d - without 
functionalization; b, e - functionalized with 1% of zinc NPs suspension;  

c, f - functionalized with 2% of zinc NPs suspension 

Following these results, from organic cotton fibers functionalized with 2% of zinc 
NPs suspension, a yarn was spinned (CO_Zn) and their properties compared with an equal, 
but without the alkaline pretreatment and the functionalization with zinc NPs (CO_0). As 
presented in table 1, regarding the structural properties, both yarns under study showed a 
similar linear density and twist, which sustains any comparison in further analysis. Thus, 
comparing the mechanical properties of the two yarns, where it was evaluated the tensile 
strength and the tensile loop strength of the yarns, some differences in the obtained values 
were verified. Based on the tenacity and maximum elongation values obtained in both tests, 
which were the same, it was observed an increase of these values in 24% and 10%, 
respectively, from CO_0 yarn to CO_Zn yarn. This increase observed mainly in the tenacity 
value could be related with the methodology applied on cotton fibers, namely the alkaline 
pretreatment and the zinc NPs incorporation. Based on the literature, it is proved that the 
alkaline pretreatement of cotton fibers allows to improve, among other properties, the 
tensile strength of the fibers since the waxes and pectins are removed, increasing the inter-
fiber friction and therefore, their tensile strength [17,18].  In addition, the incorporation of 
zinc NPs and their interaction with cellulose chains of cotton fibers could also be related 
with an increase in fibers cohesion contributing too for the production of a mechanically 
stronger cotton-based yarn.  

Regarding the moisture management properties of the yarns under study, it was 
observed a similar vertical wicking behavior for both yarns but, in terms of water retention 
capacity (Sw) it was observed a decrease of 35% from CO_0 yarn to CO_Zn yarn. This 
reduction in water retention capacity could be related mainly with the interaction between 
zinc NPs and the hydroxyl groups present in cellulose chains of cotton fibers, which later 
leads to a decrease in the hydroxyl groups available to interact with other molecules, such as 
water molecules. Since water molecules have fewer hydroxyl groups to bond, less amount 
of water will be retained in the cotton fibers and therefore the Sw will be lower.  

d e f 

a b c 
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Thereby, the alkaline pretreatment of organic cotton fibers followed by their 
functionalization with zinc NPs allowed to develop a yarn (CO_Zn) with higher tensile 
properties and better moisture management properties, such as a lower water retention 
capacity and similar vertical wicking behavior, when compared to yarn CO_0. 

Table 1. Structural, mechanical and moisture management properties of organic cotton 
yarns without (CO_0) and with zinc NPs (CO_Zn). 

Samples Linear 
density (tex) 

Twist 
(turns/m) 

Tenacity 
(N/tex) 

Max. Elongation 
(mm) 

Vertical wicking 
(cm) 

Sw 
(%) 

CO ̲ 0 25 (±0.2) 868 (±14) 0.13 (±0.005) 29.0 (±1.0) 10 (±0.3) 725 
CO ̲ Zn 26 (±0.5) 765 (±37) 0.17 (±0.01) 32.3 (±1.2) 11 (±1.8) 471 

Using the yarns under study, two single jersey knit samples, with a loop length of 
0.38 cm and a mass per unit area of 160 g/m2, were further produced and their mechanical, 
moisture management and antibacterial properties were also evaluated, being summarized in 
table 2 and table 3, respectively. 

Table 2. Mechanical and moisture management properties of jersey knit samples produced 
from the CO_0 and CO_Zn yarn. 

Samples 
Breaking force (N) Elongation (mm) Friction coefficient Air 

permeability 
(L/m2/s) 

WER 
(%) Wale 

direction 
Course 

direction 
Wale 

direction 
Course 

direction µ static µ kinetic

CO ̲ 0 219.4 
(±9.7) 

147.4 
(±3.5) 

90.9 
(±1.8) 

149.0 
(±13.2) 

0.27 
(±0.01) 

0.23 
(±0.01) 1002 (±70) 36 

CO ̲ Zn 203.9 
(±2.7) 

170.8 
(±2.6) 

76.0 
(±13.8) 

137.7 
(±7.1) 

0.28 
(±0.02) 

0.23 
(±0.01) 1393 (±5) 57 

Table 3. Antibacterial activity values of jersey knit samples produced from CO_0, CO_Zn 
and SmartcelTM Sensitive yarns against Staphylococcus Aureus and Klebsiella Pneumoniae. 

Samples Antibacterial activity value (A) 
Staphylococcus Aureus (ATCC 6538) Klebsiella Pneumoniae (ATCC 4352) 

CO ̲ 0 -0.604 0.075 
CO ̲ Zn 3.882 6.290 

SmartcelTM Sensitive 4.065 5.668 

Regarding the tensile properties of the two knit samples under study, presented in 
table 2, it was observed, in both cases, that the breaking force was higher in wale direction 
and the elongation was higher in the course direction, being this behavior characteristic of a 
single jersey [19]. In general, the yarn used for the production of both knit samples had no 
significative influence on their final tensile properties, having only been observed a slight 
increase of the breaking force in course direction in 13%, when CO_Zn yarn was used. 
Another mechanical property evaluated was the friction coefficient, both static and kinetic, 
an important property to assess when the goal is to use the textiles under study in direct 
contact with human skin. Based on the obtained values, it was observed that the static and 
kinetic friction coefficient was the same for both knit samples under study, which suggests 
that the methodology applied on cotton fibers to incorporate zinc NPs didn’t change the 
friction coefficient of the knitted structure. Therefore, the friction on the human skin will be 
the same using a single jersey produced from a simple organic cotton yarn or an organic 
cotton yarn functionalized with zinc NPs, using the methodology presented in this work. 

Contrarily to the mechanical properties, in the case of the moisture management 
properties it was observed an influence of the type of yarn used on the air permeability and 
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water evaporating rate (WER) values obtained for the knit samples under study. Thus, the 
single jersey produced from yarn CO_Zn, presented an air permeability and a water 
evaporating ratio, 28% and 37% higher than the single jersey produced from the yarn CO_0. 
This result shows that the use of CO_Zn yarn allows to produce a more comfortable single 
jersey than the one produced from CO_0, and that not only is more breathable, but also has 
the capacity to evaporate moisture more rapidly, being these results in agreement with the 
properties obtained for the respective yarns. Since the metholodoly applied to incorporate 
zinc NPs into cotton fibers has led to a decrease in water retention capacity of the resultant 
yarn, it is expected that the knit sample shows more greater ease in releasing water as there 
are fewer hydroxyl groups available to retain water molecules. This makes water to 
evaporare more quickly, which translates in a higher WER value and a higher drying 
capacity by the knit sample, giving a dry feeling to the user. 

Since the main goal with the incorporation of zinc NPs into cotton fibers is to 
produce an antimicrobial yarn to be further used for the production of antimicrobial fibrous 
structures, following this work, the antibacterial activity of the two jersey knit samples, 
produced from CO_0 and CO_Zn yarns was assessed against a gram-positive 
(Staphylococcus Aureus) and gram-negative (Klebsiella Pneumoniae) bacteria according to 
ISO 20743:2013 standard, being the results compared to the ones from a jersey knit sample 
produced from a commercially antibacterial fiber, SmartcellTM Sensitive. 

The antibacterial activity values presented in  table 3 showed that the jersey knit 
sample produced from CO_0 yarn, presented a null antibacterial activity for both bacteria, 
since the A value is lower than 2. However, in the case of the jersey knit sample produced 
from Co_Zn yarn, the A value is, respectively, 3.882 and 6.290, for both Staphylococcus 
Aureus and Klebsiella Pneumoniae. Based on the classification system of ISO 20743:2013 
standard, this jersey knit sample is classified as having strong antibacterial activity for both 
gram-positive and gram-negative bacteria, revealing the excellent antibacterial properties of 
zinc NPs. In this case, the antibacterial activity of the single jersey produced from CO_Zn 
yarn, despite strong for both bacteria, was more pronounced on the gram-negative bacteria 
instead of the gram-positive bacteria, being the difference between the A values around 
38%. Furthermore, when compared with the A values obtained for SmartcellTM Sensitive knit 
sample, it was concluded that the antibacterial activity for both bacteria were the same in 
both cases, have been recorded a difference between the A value of 5% and 10% for 
Staphylococcus Aureus and Klebsiella Pneumoniae, respectively, which indicates that the 
CO_Zn yarn as a great commercialization potential in terms of antibacterial properties. 

In this context, based on the results obtained in this study it is possible to conclude 
that the metholody applied to incorporate zinc NPs into organic cotton fibers, allowed to 
develop a mechanically stronger yarn with lower water retention capacity, which ultimately 
led to the production of a single jersey knit sample with mechanical properties similar to the 
conventional organic cotton single jersey, but more breathable, with a greater dry feeling 
and above all with strong antibacterial activity against both gram-negative and gram-
positive bacteria. In order to assess the durability of the properties obtained, as future work, 
the main goal is to determine the washing resistance of the zinc-functionalized jersey knit 
sample.  

5. CONCLUSIONS

In this work, it was proposed the functionalization of organic raw cotton fibers with 
zinc NPs, previously tretated with NaOH solution, by exhaustion method for the production 
of a multifunctional cotton-based yarn. The applied method allowed a homogeneous 
distribution of NPs into organic cotton fibers incorporating 6200 ppm of zinc, which were 
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further used to spin a yarn and consequently to produce a single jersey knit sample. Based 
on the properties obtained for both yarn and single jersey knit sample incorporating zinc 
NPs, it was concluded that the methodology used improved the mechanical and moisture 
management properties, achieving a yarn tenacity 24% higher and a water retention capacity 
35% lower than the yarn without any pretretament or functionalization, and subsequently a 
knit sample 28% more breathable and with a water evaporating ratio 37%. Moreover, the 
incorporation of zinc NPs into organic cotton fibers also allowed to produce a jersey knit 
sample with an antibacterial activity value of 3.882 and 6.290 against both Staphylococcus 
Aureus and Klebsiella Pneumoniae, being therefore classified as a knit sample with strong 
antibacterial activity, the same antibacterial behavior as SmartcelTM Sensitive, a 
commercially antibacterial fiber.  
In this sense, the development of this new cotton-based yarn pretreated with NaOH and 
incorporating zinc NPs allowed the production of multifunctional fibrous structures with 
strong antibacterial activity without comprising their mechanical and comfort properties, 
presenting therefore potentiality to be used for the production of effective PPEs. 
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Abstract: Use of synthetic dyes for dyeing of textile fabrics is most problematic environmental concerned for 
textile industry. The demand of natural colourants for the dyeing of textile fabrics has been increasing. Thus, 
sustainable novel technologies for textile dyeing are needed that utilize improved colour strength and enhanced 
performance characteristics of the fabric.  This study attempts to highlight the possibility of using cochineal 
natural dye in the printing of polyester fabrics after surface modification by O2/Ar plasma treatment. The colour 
strength, air permeability, crease recovery angle of printed fabrics, colour fastness to rubbing, washing and 
light, were also studied. The surfaces of untreated and plasma-treated polyester fabrics were analysed by SEM 
to compare the morphological changes. Surface roughness and cracks were indicated after the plasma pre-
treatment.  The results indicated that plasma treatment could improve the printability of polyester fabric 
compared with untreated samples, with enhanced the adhesion and penetration of printing paste to the surface. 
The air permeability of printed fabrics has decreased, while the angle of crease recovery has increased. The 
fastness properties of printed samples were found suitable to very good. 

Keywords: cochineal, colour fastness, plasma treatment, polyester fabric, printing 

1. INTRODUCTION

Natural dyes or colourants are non-toxic and bio-degradable materials and are actually 
safe for applications in several scopes. Revitalized attention in the use of natural dyes in textile 
colouration has been increasing [1]. Nowadays, it is known that metal mordants may impose 
hazards to human beings, animals and the environment. So, various studies have been 
completed to reduce the use of metal mordants in natural dyeing procedures or replace them 
with more ecologically friendly choices. 

Cochineal is a type of natural dye which is obtained from an insect of the same name 
that is mostly found in cacti of Mexico and South America. It is scraped off, dried and 
crushed to make the cochineal extract that produces red or purple colour dyes. Screen 
printing gained popularity because it is economical and easy to apply. Also, it uses less dye 
and achieves the same product appeal for a lower cost than weaving a design [2].                              

Plasma is described as the fourth condition of a substance having the highest energy. 
Furthermore, plasma is an ionized gas that contains electrons, ions, neutral atoms or 
molecules. In the textile industry, cold plasma is used for the modification of textile materials. 
In addition, plasma treatment is considered a dry, environmental and eco-friendly process in 
the textile industry so as not to require water and chemicals. Plasma treatment causes physical 
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and chemical modification in textile materials. In the textile dyeing industry, the use of water, 
energy and chemical at considerable rate creates problems for the environment. It has been 
widely used in many applications of textile area for targeted surface modifications, mainly 
include the improving of dyeability, printability, wettability, antimicrobial properties, etc [3-
8]. 

In this paper, we have studied and compared the effect of plasma on the printing of 
polyester fabrics with cochineal natural dyes. Colour yields, colour fastness values, wrinkle-
resistance properties, air permeability and surface topographies of printed samples was 
investigated. 

2. EXPERIMENTAL

2.1. Materials 
100% weave polyester fabrics was used for screen printing. Also, cochineal was used 

as natural dyes. Polyester fabrics were soaped with 5g/l non-ionic detergent and L:R= 1:40 
for 30 min at 40°C. Pre-treatment of the sample was used with copper sulphate (5%) as a 
mordant for 30 min at 80°C.  

2.2. Plasma treatment 
The fabrics were prepared for O2/Ar vacuum plasma treatments (Plasma DEJ Model 

BF60) under powers of 100 W for a time of 15 min. 

2.3. Preparation of the printing paste   
After the treatment with plasma, the fabric was printed according to table 1. 

Table 1. Composition of the printing paste 
Amount of consumable 

materials (g) 
Consumable 

materials 
50 Natural dye 

600 Sodium alginate 
60 Lodigol 

100 Chitosan 
50 Sodium carbonate 

100 Urea 
40 Softener 
x Balance 

1000 Total 

After treatment of printed fabric, samples were dried at 100° C for 5 min and fixation 
of all samples were done by steaming for 180°C for 5 min.  The effect of plasma treatment 
time (5, 10 and 15 minutes), concentrations of copper sulphate (1%, 3% and 5%) and fixation 
temperatures (160, 170 and 180̊C) analysed and optimized by using Response Surface 
Methodology (RSM). 

A spectrophotometer (X-rite SP 62) was utilized to measure the colour components of 
the printed specimens under a D65 light source and 10° observer angle. The surface 
morphology of the printed polyester fabrics was studied under a scanning electron microscope 
(SEM Phenom ProX). In order to analyse the air permeability, the BS9237-1995 standard was 
used. The rubbing fastness was measured by the AATCC-116 standard. The light and wash 
fastness were also evaluated by BS EN 20105 and ISO105 C02 1994 (E), respectively. The 
wrinkle-recovery angle was tested according to the AATCC test method IS 4681-1968. 
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3. RESULTS AND DISCUSSION

3.1. Colour strength and fastness properties of printed samples 
The colour fastness of the printed samples is in table 2. It can be seen from the K/S 

values that; plasma treatment has been improved the printability of fabrics. Plasma treatment 
increases the wettability of fabric which raises penetration of any material containing in 
printing paste [9].            

The critical parameter for the evaluation of natural dyes used in printing is the fastness 
of prints [10]. Colour fastness showed higher values when compared with untreated which 
can be due to the higher K/S values of plasma treated fabrics. 

Table 2. Colour strength and colour fastness of printed samples 
Rubbing 
Fastness Light 

Fastness
Wash Fastness Colour 

strength 
K/S)( 

Sample 

Wet Dry Colour 
change 

Staining 
on cotton 

3 3-4 5 3 3 0.23 Untreated 

4-5 5 7 4 5 1.54 

15 min  : maxK/S 
plasma, 5% copper 

sulphate, 180° C 
fixation 

Plasma-
treated 

and 
printed 
treated 4 4 5-6 3-4 5 0.61 

:minK/S  
5 min plasma, 5% 
copper sulphate, 
180° C fixation 

3.2. Air permeability of printed samples 
As shown in table 3, the air permeability of the printed samples decreased. The 

printing process reduce the amount voids and pores on the surface of fabrics, which led to a 
decrease in the air permeability [11]. Also, the fabric thickness has a significant effect on air 
permeability. The plasma treatment and create roughness on the fibre surface, increases the 
fabric thickness and decreases the air permeability of the printed samples [12]. 

Table 3. Air permeability of printed samples 
Sample Air permeability values (mm/s) 

Untreated 65 
Plasma-treated 56 

Plasma-treated 
and printed 

K/S max 41 
K/S min 50 

3.3. Crease recovery of the printed samples 
According to table 4, the printed samples have a greater crease recovery angle and 

greater resistance of against bending compared to the raw samples. After printing, the crease 
recovery angle increased due to the structure relaxation, which the most strained segments of 
the molecules disappear and turn into moderately strained segments [13]. Also, plasma pre-
treatment improved the wrinkle resistance of the cotton fabrics. 

Table 4. Crease recovery angle of printed samples 
Sample Crease recovery angle (°) 

Untreated 97 
Plasma-treated 108 
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Plasma-treated 
and printed 

K/S max 125 
K/S min 115 

3.4. Surface morphology 
As can be seen from figure 1, plasma treatments had an etching effect on the fibre 

surface. Surface roughness, cracks and voids were showed after the plasma pre-treatment due 
to the bombardment of the surface of the fibres with ions and free radicals [14]. Printing on 
fabrics formed thin homogeneous and relatively well dispersed films on the surface and 
between the fibre edges containing the natural dye and other material in printing paste [15]. 

Figure 1. SEM images of: a – untreated; b - plasma-treated fabric; 
c - plasma-treated and printed fabric 

4. CONCLUSIONS

It is evident from the results that polyester fabric can be successfully screen printed 
with cochineal natural dye. Plasma pre-treatment for the modification of polyester fabrics, 
which is an environmentally friendly dry process, has high industrial application potential. 
Plasma treatment had a positive effect on the printability of polyester fabrics and is an 
effective method for improving the colour fastness properties and wrinkle-resistance.  
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Abstract: Despite the growing appearance of new solutions for social masks, there are still few aimed for the use 
by professionals in frequent contact with the public, since depending on the of the functions they perform, still 
have special needs regarding thermophysiological comfort, high protection level and reusability, such as 
firefighters and police officers. Aiming at the development of a multilayer filtration system combining three-
dimensional and planar fibrous structures, the present study intends to verify the feasibility of applying warp-
knit spacers as diffuser filters for nano and micro particles. Therefore, three different spacer structures 
performance was studied, and then combined with planar knit structures to enhance the comfort characteristics 
and its bacterial filtration efficiency (BFE). The diffusion filtration performance of the samples, due to the 
particle size, it was found a direct relation between the outer layer density and porosity with its filtration 
capacity of microparticles. Moreover, the increase in the spacer thickness revealed more problems diffusing 
water vapor molecules. To achieve the standard requirements, the samples Techno_1 and 2 were developed and 
tested. The addition of a new fibrous structure increased substantially the filtration efficiency without damaging 
the comfort characteristics of the Spacers. Considering the BFE standard tests for facemask certification, despite 
it was possible to achieve filtration rates above 70% for the samples Techno_1 and 2. In addition, its washability 
and performance durability were tested and stated as viable to be applied as a social facemask with level III of 
protection for at least 25 washing cycles, despite having noticed a decrease in the filtration efficiency, in both 
samples, in the order of 10%, due to the unbalance of mechanical properties of the fibrous structures in the 
multilayer systems. 

Keywords: breathability, filtration efficiency, mask design, multilayer structures, three-dimensional knitting 

1. INTRODUCTION

The COVID-19 pandemic has led to the creation and adoption of a set of preventive 
measures to contain the spread of the disease. The mandatory use of masks emerges as an 
indispensable measure for the mitigation of community transmission. Considering that the 
size of these droplets alters the method of infection, droplets with more than 20 µm will fall 
onto objects easier than smaller droplets due to gravity, while droplets with 5 to 10 µm will 
evaporate mid-air allowing for airborne transmission [1]. 
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A study by Eunice Y.C. Shiu et al. revealed that droplets of 1 µm were capable of staying 
in the airborne for more than 12 h with strong coughs or sneezes capable of sending these 
particles over 6 meters [2]. Therefore, the effectiveness of a face mask or a respirator is 
fundamental by two significant factors, namely the filtration efficiency that measures the 
microparticles filtering performance, as well as the fit that measures how well the mask or 
respirator prevents the leakage around the facepiece [3]. 
There are many kinds of medical textiles, such as woven, non-woven textiles, braided or 
knitted textiles, that may be applied on air filtration systems being disposable most of the 
times [4]. Knitted fabrics form a small part of the medical textiles, but are greatly applied in 
high-tech medical textiles, ensuring good structural stability, comfort, and easy maintenance. 
These structures are also popular due to their loose and flexible structure, higher porosity, and 
better forming technology [5]. Despite the microscale structure, by manipulating the 
composition and structure of wires, it is already possible to ensure required filtration 
percentages for protection levels 2 and 3, greater than 90% and 70%, respectively. The major 
mechanisms involved in particle removal by fibrous materials include gravity settling, inertial 
impaction, diffusion and electrostatic attraction [6]. 

Considering the low weight of the biological agents and aerosols, gravity settling is not 
possible to be applied, and inertial impaction would not be an efficient approach due to the 
imbalance between the size of fibres and molecules that it is intended to filter, otherwise a 
much denser fibrous structure would be needed to perform the filtration [7]. Therefore, for the 
intended application, it would be necessary to consider the diffusion patterns in the textile 
structures and looking for fibrous materials that would be able to create electrostatic charges 
to attract the micro and nanoparticles dispersed on the air that is breathed. Diffusion in fibrous 
materials media can be only found for very small particles such as viruses, being that those 
particles move randomly within the air stream due to Brownian molecular motion. 
Accordingly, to the study of K. Ardon-Dryer et al. [8], the lower the airflow between the filter 
structure, the better the filtration efficiency it has, once the particle size velocity reduces, than 
the rate of diffusion becomes more noticeable. Through this concept, the particle residence 
period is increased once the probability of collision between particle and filter media increases 
as well. Thus, the development of fibrous textile patterns capable of retaining particles larger 
than 1um in diameter, and decreasing the air flow between layers, are important to ensure 
greater filtering capacity [8]. 

To create a complex fibrous structure to form a barrier capable of creating an air flow 
slowdown zone, promoting the filtration of small particles by diffusion concepts, and without 
increasing the density of the structure, emerges the development of a spacer fibrous structures. 
Spacer fabrics are an advanced three-dimensional textile structure consisting of two separate 
outer fibrous layers that are joined together but kept apart by spacer yarns. These fibrous 
structures can be achieved by warp knitting, weft knitting, weaving, non-woven or even 
braiding technologies, reaching different outputs. However, knitted spacer structures made of 
monofilaments have been studied and applied in medical care and apparel as an outer layer 
due to its air permeability and appropriate compressibility. It has been found and stated in the 
work of Y. Liu et al. [9], that the air resistance of such structures increases  with the  increase 
in  the  spacer  yarn distance. It was also observed that structures with higher loop densities on 
the outer layer resulted in a poor air permeability of the three-dimensional structures [9,10]. 
In this sense, considering the available literature and taking advantage of the manipulation of 
knits and their characteristics, combining them with three-dimensional spacer fibrous 
structures and their properties of permeability and air diffusion, with the choice of advanced 
technical materials, this study is intended to develop a new generation of filtering fibrous 
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systems. The main goal in this development consists in the use of them to produce 
protective masks with improved comfort and evaluating the potential of multilayer 
gradient performance. The overall multi-layered masks moisture management, 
breathability, and filtration performance were reviewed, and compared with the required 
parameters standardized by ISO 14683:2020. 

2. MATERIALS AND METHODS

The performance study was carried out with 5 different multilayer three-dimensional 
knitted structures, shown in table 1. The samples coded as Acti_1, 2, and 3 refer to the study 
of the pattern of the three-dimensional warp-knit spacer, in terms of porosity and areal weight, 
as shown in figure 1. All these spacer structures vary in yarn density on the outer layer in 
ascending order from Acti_1 to Acti_3. Consequently, the thickness of the spacers varied 
slightly in the set of samples presented, namely: 2.2 mm for the Acti_1; 2.4 mm for Acti_2; 
and 1.7 mm for Acti_3 sample. The variation of parameters intends to analyse the balance of 
resistance to the passage of air, and the diffusion capacity of the structure. This balance may 
allow a fibrous structure to be able to filter particles of different sizes effectively, as described 
on the literature [7,9]. 

Figure 1. Representative images of the warp-knit spacer surface and connection structures 

On the other hand, the structures coded as Techno 1 and 2 have the combination of a 
denser circular knit structure with comfort jersey layer, being added the spacer of Acti_3 for 
the Techno_1 Mask. The layers of each sample fibrous system were sewed together and then 
evaluated its properties.  

The samples performance was evaluated through the structural and moisture 
management properties with water vapor permeability, air permeability, bacterial filtration 
efficiency (BFE), and friction coefficient, according to the following tests: 

• Water Vapor Permeability (WVP) - This test was carried out following the BS 7209:
1990 standard under isothermal conditions, aiming to determine the water dissipation
in the form of steam using Shirley Water Vapor Permeability Tester - SDL
International [11];

• Air Permeability - The permeability of the fibrous structures was performed by
quantification of the rate of airflow through a 20 cm2 area passage at a given pressures
of 40, 100, and 200 Pa for over 1 minute, using TEXTEST FX 3300 air permeability
instrument according to the NP EN ISO 9237 – 2003 standard [12];

• Moisture Release - This experimental procedure is based on the methodology
presented in R. Fangueiro et al. [13], where it is intended to evaluate the ability to
release moisture from structures that will be in open space, thus considering a

52



temperature of 20±1°C. This method consists of releasing 30% of water in relation to 
the weight of the dry sample and evaluating the loss mass after 30 minutes. Once this 
study was focused on the development of a new fibrous filtration system for 
respiratory social masks, the air temperature applied to the sample was fixed at 
34±1ºC, being more approximated to the temperature of exhaled air during 
respirations. During the test the maximum relative humidity inside the thermal 
chamber was 80%; 

• Friction Coefficient - This analysis was performed based on the work by Lima, M et
al. [14], consisting of place a sample on the base of the equipment. After, a sensor,
which is placed on the sample, performs rotational movement on itself, to assess the
friction that exists between the sensor and the sample, thus calculating the friction
coefficient between samples [14];

• Bacterial Filtration Efficiency (BFE) - This test is used to measure the BFE of
materials for respiratory protection devices, using Staphylococcus aureus as a bacterial
aerosol, which is applied to the surface of the sample, measuring the residual
concentration on the sample. This is a quantitative method that allows the
determination of filtration efficiency up to a maximum of 99.9% [12].

Table 1. Sample description summary of structural composition 

The results, described in table 2, were then analysed according to EN 14683:2019 
requirements. Subsequently, the samples with better performance regarding comfort and 
filtration properties, were also characterized between 25 domestic washing and drying cycles 
accordingly to the methodology of ISO 6330:2012 [15], and evaluated the bacterial filtration 
efficiency before and after washes. Also, the air permeability was measured according to the 
differential pressure methodology for respiratory protection devices, described in EN 
14683:2020[16], to establish a direct comparison of performance and overall breathability 
comfort of the face masks materials with protection level II and III, identified in table 3 as SM 
Level II and SM Level III, respectively. 
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Table 2. Comfort and filtration efficiency tests result for warp-knit spacers multilayer

Sample code 
COF Air permeability (L/min) Moisture 

release (%) WVP (%) BFE (%)
µstatic µkinetic 40 Pa 100 Pa 200 Pa 

Acti_1 0.25 0.19 16.48 27.80 72.0 84.0 96.0 22.0 
Acti_2 0.20 0.15 16.72 28.96 73.0 68.0 93.0 23.0 
Acti_3 0.25 0.19 12.70 24.60 70.3 83.0 93.0 30.0 

3. RESULTS AND DISCUSSIONS

The study of the tridimensional multilayer performance results is shown in table 2. 
Analyzing the results, it is possible to observe that all the structures revealed similar friction 
behavior as expected since the physical comfort layer was the same throughout the multilayer 
systems, being noticed that the spacer structure does not influence this property. The Acti_2 
sample obtained a lower relative friction coefficient in both categories; this may be due to its 
greater compressibility relative to its greater thickness. 

Regarding the air permeability properties, all samples reached values greater than 
8l/min at 40 Pa, the lower limit established by the NP EN ISO 9237 – 2003 standard. 
However, the structures with the spacers with lower density obtained an air flow 2 times 
higher than the stated minimum, at the same pressure, which may indicate a deficiency on the 
barrier effect of the outer layer spacer structure. Though this test in the subsequent differential 
pressures of 100 and 200 Pa, applied in technical textiles, it is possible to note an increase in 
permeability in all samples.  It was not possible to detect any atypical phenomena such as the 
formation of a vacuum effect, due to unbalance between the densities of the outer layers, as 
well as the independent spacer meshes that form the multilayer systems. These characteristics 
are interesting considering the application of these structures in respiratory protection 
equipment to be utilized in high demand physical stress environments. 

On the other hand, regarding water vapor permeability, all the samples reached values 
greater than 80%, which represents a standard parameter for sport technical textiles, due to the 
need to act in response to demanding moisture saturation conditions that have been stated to 
happen in respiratory masks after several hours of use [17]. Consequently, to better 
understand the moisture management behaviour and drying capability of these complex 
structures, a moisture release teste was performed. In this test, for technical textiles, it is 
expected that after 30 minutes, 70% of the absorbed water have evaporated, which was stated 
for all samples except for Acti_2. It is possible to infer that a spacer with greater thickness 
have more difficulty in diffusing water molecules. The samples with higher density (Acti_2 
and Acti_3), have matched the standard requirements, not showing a direct and clear relation 
between density and moisture management behaviour as found in traditional knit structures. 
This characteristic may be due to the air layer formed between the layers, acting as a heat 
accumulator on the surface of the comfort meshes used, or can be related with the filament 
composition of spacers, whose materials have low hygroscopicity and hydrophilicity. 

Regarding the BFE test, the results fell short especially for the Acti samples. Even 
though those were samples with high air permeability as referred before, it was expected that 
the air layer formed by the spacer yarns would have greater influence in reducing the rate of 
penetration of bacterial aerosol particles, based on the diffusion filtration principles. 

Considering these preliminary results and the test parameters considered, it was 
possible to conclude that, even though the structures were developed considering viruses 
particles of Covid-19, which particle size varies between 0.02 µm and 0.5 µm, the standard 
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test uses bacterial aerosol droplets with a diameter between 1.0 and 5.0 µm. Therefore, for 
those particle sizes, the filtration by diffusion is not possible to apply, as seen in figure 3, once 
the filtration efficiency is a function of the size of the particles and is not dependent on 
whether they are bioaerosols or inert particles. 

Figure 2. Face mask filter efficiency versus particle diameter 

In this sense, regarding the test parameters, the more efficient filtration mechanism is 
through gravity settling or inertial impaction of the particles with the fibrous structures. These 
filtration mechanisms are characterized for semipermeable surfaces, high density textiles or 
fibrous structures with small pores and low porosity. Those characteristics are very difficult to 
achieve with warp-knit spacers. For that reason, it was decided to use a new filter fibrous 
layer produced by a circular knit technical polyester and elastane, to reinforce the 
performance of the sample Acti_3, that achieved the higher bacterial filtration efficiency, thus 
creating the multilayer system and sample Techno_1. The sample Techno_2 was studied to 
assess the influence of the warp-knit spacer structure within the multilayer system, whose 
performance results are presented in table 3. 

By the analysis of the friction coefficient, it is possible to verify that the presence of 
the three-dimensional fibrous structure increases the CoF value, due to the surface 
irregularities, implied by the high static CoF, relative to the beginning of the rotational 
movement, which substantially decreases under dynamic conditions. Moreover, the variation 
for the Techno_2 sample between the two states, is considerably smaller the samples with a 
spacer layer.  
Comparing the air permeability results, at 40 Pa with the ones achieved by the sample Acti_3, 
it is possible to verify that the introduction of a third layer promotes a subsequential decrease 
in the air flow for all tested pressures. However, the moisture management properties were 
maintained stable with the introduction of the third layer, considering the small decrease of 
the moisture release and water vapour permeability of Techno_1 sample. On the other hand, 
comparing the influence of the use of 3D warp knit (samples Techno_1 and Techno_2), as 
expected, with the removal of the spacer structure the multilayer system had a worst 
performance on moisture diffusion, and more slightly a decrease in the drying capacity. 

The new circular planar knit structure developed for Techno sample has lower porosity 
than the spacer structures, reaching by itself an air permeability of approximately 12 L/min at 
40 Pa, and a hydrophobic surface with a water drop contact angle higher than 130º. Once its 
characteristics cover the empirical requirements for inertial impaction, it was observed, as 
expected, a substantially increase on the bacterial filtration efficiency on its samples. It’s also 
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possible to conclude that the spacer has an influence on the filtration performance boosting it 
in almost 5%, without impairing breathability. 

Table 3. Comfort and filtration efficiency tests results for advanced multilayer system, 
with and without warp-knit spacer structure.

Sample code 
CoF Air permeability (l/min) Moisture 

release (%) WVP (%) BFE (%)
µstatic µkinetic 40 Pa 100 Pa 200 Pa 

Techno_1 0.25 0.19 10.80 35.00 88.4 80.7 90.2 88.4 
Techno_2 0.19 0.16 12.60 32.70 83.9 78.9 87.8 83.9 

After that, it was also performed a washing resistance test for 25 washing and drying 
cycles to the samples Techno_1 and Techno_2, being analysed the variation on the behavior 
in the standard social facemask tests (differential pressure and BFE), table 4. In addition to 
analyse the influence of the washing and drying cyles in the breathability and filtering 
capacity of the samples, it is also possible to infer problems related to the structural stability 
of the fibrous strucures that make up the multilayer systems.  

Regarding brethability, infered by the differential pressure results in table 4, there 
aren’t observed significant variation on the sample behaviour, both reaching a differential 
pressure bellow 40 Pa/cm2 for 8l/min, before and after de washing and drying cycles. In 
contrast, it is noticeable a decrease in filtration efficiency for both samples after the washing 
cycles, a loss of approximately 12%. Therefore, is possible to assess that one of the common 
fibrous structures are being affected by the durability test and putting at risk the viability and 
durability of systems. Still, both samples can be certified and marketed as level III social face 
masks. 

Table 4. Respiratory protection performance evaluation 

Sample code 
Differential pressure (Pa/cm2) BFE (%) 

0 washing cycles 25 washing cycles 0 washing cycles 25 washing cycles 
SM Level II < 40 > 90.0 
SM Level III < 40 > 70.0 

Techno_1 < 20.0 ± 1.2 < 20.0 ± 1.2 88.4 78.0 

Techno_2 < 20.0 ± 1.2    21.9 ± 1.3 83.9 74.2 

4. CONCLUSION

The main objective of this work was to study the behaviour of three-dimensional 
multilayer fibrous structures as respiratory protection substrates. In this sense, three-
dimensional structures were developed. The three-dimensional structures revealed a good 
performance regarding the breathability within the multilayer structures. The interconnecting 
yarn layer creates a diffusion layer for air and water vapour, creating a greater distribution of 
fresh air throughout its extension. 
The development of a new compact planar knit revealed capable to enhance bacterial filtration 
without impairing the breathability of the multilayer fabric. Achieving moisture release above 
70% and water vapour permeability closer to the 90% level, a similar performance to sport 
technical textiles, and still ensuring a BFE considerably higher than 70% for both samples. 
Therefore, it was concluded that it is possible to obtain the same performance close to a social 
mask level III, without harming the individual's lung capacity or putting the same at risk of 
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infection by viruses, bacteria and/or fungi. 
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Abstract: Phase change materials (PCMs) are thermal energy storing materials which are adopted in various 
industries including textiles. They provide temperature regulation by absorbing the heat from the ambiance or 
releasing the latent heat that they store. PCMs are widely integrated into textiles in microencapsulated form 
where the core PCM is covered by the microcapsule shell and protected during phase change. This form also 
provides a higher thermal conductivity. In this work, a blend of organic coconut oil and n-octadecane were used 
as phase change material in core, and melamine formaldehyde was used as shell material to develop 
microencapsulated PCM for heat storage. The microcapsules were produced by using in situ polymerization 
method. The developed microcapsules (MPCMs) were integrated to a recycled PES (polyester) nonwoven fabric, 
generated from PET (polyethylene terephthalate) fibres, and manufactured by combing and needle punching 
technique. The MPCMs were implemented to the fabric by coating method. The core PCM, MPCM, and the 
coated nonwoven fabric were assessed by Differential Scanning Calorimetry (DSC), Scanning Electron 
Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FT-IR). SEM results indicated that spherical 
and uniform microcapsules were obtained with a particle size of 3-9 µm. DSC results revealed that MPCM and 
the MPCM coated nonwoven fabric possessed a remarkable melting enthalpy of 111 J/g and 30.9 J/g, 
respectively at peak melting temperatures of 28.1°C and 27.4°C.  

Keywords: coconut oil, heat storage, microencapsulation, phase change material, sustainability 

1. INTRODUCTION

The use of thermo-regulative textiles has been growing in several areas such as home 
textiles, bedding, protective textiles, and active wear. Phase change materials (PCMs) provide 
thermal regulation property by storing or releasing the heat at a specific temperature range 
where the phase change takes place. Microencapsulation is a way of packaging the PCM 
which prevents the leakage of the core substance on textile material in liquid state during 
phase change, and ensures chemical durability as well as increased area of heat transfer. 
PCMs are usually incorporated to fibre or fabric in microencapsulated form [1]. PCMs which 
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are used to be incorporated in textiles are linear long chain hydrocarbons, polyethylene 
glycols, fatty acids and their blends [1,2]. PCMs with melting points between 15°C and 35°C 
are suggested as the most effective PCMs for cooling in textile and clothing [1]. Recent 
studies focused on to generate novel encapsulated PCMs [5-7] and to develop new design 
PCM-incorporated textiles with a high thermo-regulating performance. Lin et al. studied in 
thermo-regulating glove design as a protective wear by integrating microencapsulated PCMs 
to a fabric layer of the glove by coating application [8]. Borreguero et al. worked on the use of 
PCMs in footwear by doping the microcapsules with carbon nanofibers (CNFs) on various 
fabric surfaces, formed composites, and analysed the thermal energy storage and the thermal 
insulation properties of the developed composites [9]. Saraç et al. applied the 
microencapsulated PCMs to a medical textile by coating on to a nonwoven fabric layer and 
then confining the material within the layers of the textile to create a thermo-regulation 
property [10].  

In this study, novel microcapsules containing a blend of organic coconut oil and n-
octadecane in core were synthesized by in situ polymerization method [3,5] and then applied 
on a recycled PES nonwoven fabric by coating to obtain a sustainable thermo-regulating heat 
storing material which can be used as a textile substrate in geotextiles, medical textiles, or 
automotive textiles [11]. Thermal performance of the core PCM, MPCM and the treated 
fabric were tested and assessed.  

2. GENERAL INFORMATION

2.1 Materials 
100% Organic Coconut Oil (Sri Lanka origin, supplied by LifeCo Company) and 

crystalline mass/melt n-octadecane (%98, Alfa Aesar) were used as PCM core materials. 
Melamine (99% pure) from Aldrich, formaldehyde (37% aqueous solution, Merck) were used 
as shell materials. Sodium dodecyl sulphate (SDS, Fluka Chemika) was used as emulsifier, 
Melateks 700 containing methylol was used as crosslinker for the melamine formaldehyde 
shell, and ammonium chloride (extra pure, Riedel-de Haen) was used as nucleating agent in 
encapsulation reactions. Triethanolamine (99%, Merck) was used to adjust the pH in 
reactions. For coating treatment, chemicals from Organik Kimya (Turkey) were used in the 
coating solution. Dispersant K 850 was used as an anionic dispersing agent, Antifoam S6010 
was used to prevent foaming in the coating solution, polyurethane based Orgaresin PN 50 was 
used as binder and Orgafix DX New was used as the fixator in the coating treatment. 
Recycled PES nonwoven fabric, which was made of 100% recycled PET fibers and 
manufactured by combing- needle punching technique, was supplied by Hassan Tekstil A.S., 
Turkey. 

2.2. Methods 
A blend of organic coconut oil and n-octadecane (30% organic coconut oil and 70% n-

octadecane by weight) was microencapsulated in melamine formaldehyde shell by using in 
situ polymerization method [5]. The encapsulation process comprised preparation of pre-
polymer solution of melamine and formaldehyde, preparation of oil in water emulsion, and 
the synthesis of microcapsules [3,5]. The pre-polymer solution was prepared by dissolving 6 g 
of melamine and 30 mL of formaldehyde in 30 mL of distilled water with magnetic stirring at 
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750 rpm at 70 ºC. The pH of the solution was adjusted to 9 by the addition of triethanolamine. 
As the solution became clear, 1 g of melamine and 10 ml distilled water were added and 
dissolved.  For the emulsion preparation, 12 g of organic coconut oil and 28 g of n-octadecane 
were emulsified in 300 mL distilled water by the addition of 4 g SDS as an emulsifier and 1.5 
g Melateks 700 as a cross-linker. The emulsion was mechanically stirred at the rate of 2700 
rpm at 50 ºC for 3 h. The pH of the emulsion solution was adjusted to 4 by the addition of 
acetic acid dropwise. Then, the pre-polymer solution was added dropwise to the emulsion 
solution while stirring at 600 rpm. 1 g of ammonium chloride was added to the solution as 
nucleating agent. The encapsulation reaction was carried out at 60 ºC for 100 min.  The 
reaction was terminated by adjusting the pH to 8.5. The microcapsules were filtered and then 
washed repeatedly by 30% ethanol solution, then dried at 50 ºC for 24 h. 

The fabricated microcapsules were integrated to recycled PES nonwoven fabric by 
coating application (figure 1). The coating solution was prepared according to the recipe 
given in table 1. The coating paste was applied on the nonwoven surface. Following that, the 
coated fabric was dried for 15 min at 110ºC and cured for 5 min at 160ºC. 

a b 
Figure 1.  Images of: a - untreated fabric; b - treated fabric 

Table 1. Coating recipe of MPCM 
Name of the contents Weight (g) % in total wt. 

MPCM 8 16.7 
Dispersant K 850 0.25 0.5 
Antifoam S 6010 0.25 0.5 
Orgaresin PN 50 16 33.3 
Orgafix DX New 1.6 3.3 

Distilled water 19 39.6 
Orgal M 420 2.9 6.0 

Total 48 100 

The chemical composition of the core PCM and the MPCM were characterized by 
FT-IR (figure 2). The surface morphology of the MPCM and the treated fabric were 
examined by SEM analysis (figure 3). The heat storage performances of the core PCM, 
the MPCM and the coated nonwoven fabric were assessed by DSC measurements (figures 
4 and 5). The encapsulation ratio (R%), which indicates the core content of the MPCM, 
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was calculated by equation 1 and the coating add-on% was calculated by equation 2. 

R (%) =  (∆Hm,MPCM /  ∆Hm,PCM)  x 100                      (1) 

Add-on (%) = [(Dry fabric weight after coating – Dry fabric weight before coating)/ 
         Dry fabric weight before coating] x 100          (2) 

The coated and the uncoated fabric thicknesses were also tested. Thermographic 
temperatures of the untreated and the treated fabrics were measured at the ambient 
temperature of 28.5ºC, on a temperature-controlled oven at 50-70ºC (table 2) during 
heating and cooling processes.  

Figure 2. FT-IR Spectra of the core PCM and the MPCM 

a b 
Figure 3. SEM images of: a – MPCM; b - MPCM coated fabric 
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Figure 4. DSC curve of the core PCM 

Figure 5.  DSC curve of the MPCM 
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Table 2. Thermographic images of untreated and treated fabric samples 
Time Untreated Sample Treated Sample Temperature Colour Scale 

Heating 
0 s 

Heating 
5 min 

Cooling 
0 s 

Cooling 
60 s 

Cooling 
120 s 

5. CONCLUSIONS

The MPCMs, which contain a blend of coconut oil and n-octadecane in core and 
melamine formaldehyde in shell, were produced by in situ polymerization successfully. 
The MPCMs were integrated to the recycled PES nonwoven fabric by coating application.  

FT-IR spectra of the core PCM and the MPCM was given in figure 2. The 
absorption peak at 3333 cm-1 was attributed to O-H bending vibration of the melamine 
formaldehyde microcapsule crosslinked with the cross-linker containing methylol. The 
peaks placed at 2920 cm-1 and 2852 cm-1 were assigned to C-H bond stretching vibrations. 
The absorption peak at 1748 cm-1 was attributed to C=O stretching vibration of the 
microcapsule and the fatty acid. The peaks placed at approximately 1540 cm-1 and 1490 
cm-1 were assigned to C=N and C-N stretching vibrations of melamine formaldehyde 
[3,5]. FT-IR results confirmed that the melamine formaldehyde microcapsule was formed 
successfully. SEM images (figure 3) revealed that spherical and uniform microcapsules were 
obtained with a particle size of 3-9 µm. The SEM image of the treated fabric illustrated that 
the microcapsules were densely and uniformly distributed on the fabric surface with the 
coating binder. The DSC analyses (figures 4 and 5) showed that the core PCM and the 
MPCM had significantly high melting enthalpies of 175 J/g and 111 J/g at peak melting 
temperatures of 29.4ºC and 28.1ºC, respectively. The encapsulation ratio of the MPCM was 
calculated as 63.4% (equation 1). The DSC results revealed that the MPCM treated fabric 
possessed a 30.9 J/g latent heat of fusion at the peak temperature of 27.4ºC which is close to 
human skin comfort temperature [12]. The latent heat storage performance was found to be 
remarkably high comparing to literature [3-5]. The coating add-on was calculated as 171% 
due to the light weight structure of the nonwoven fabric. The thickness of the untreated 
and the MPCM treated fabric were measured as 1.84 mm and 2.22 mm, respectively. 
Thermographic images (table 2) of the untreated and the treated fabrics indicated that, the 
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MPCM treated fabric absorbed and stored the heat more in the heating process due to its 
PCM content, and the treated fabric temperature decreased more slowly comparing to the 
untreated one.  

This experimental work advanced that the recycle PES nonwoven fabric gained a 
significant latent heat of fusion capacity after MPCM treatment, which is a reusable energy to 
regulate the temperature. The study suggests a novel application for nonwoven fabrics which 
can be used to develop a thermo-regulative filling material for bedding, geotextiles, home 
textiles, or automotive textiles. It also contributes to the sustainability of textiles by 
upcycling a recycled PES nonwoven fabric to a heat storing material. It is possible to carry 
out this study to an industrial scale.  
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Abstract: In recent times, waste materials such as deadstock or used clothing have captured the fashion 
industry's attention. These materials have been the subject of studies to design sustainable production systems 
and new manufacturing techniques, intending to approach a circular economy model. In this context, the 
fashion industry has implemented strategic, design-led actions to prevent waste and promote recycling and 
recovery actions. Recycled textiles are fertile ground for fashion experimentation that, starting from the 
circular economy concept, can involve the entire textile supply chain: all the different actors working together 
proactively to encourage the establishment of industrial symbiosis systems between the districts. An excursion 
among the ideas and techniques applied to this field can show the possibilities of sustainable material-led 
approaches that can make a more positive future thrive. 

Keywords: circularity, fashion design, industrial transformation, sustainability, recycling 

1. INTRODUCTION

Today, the production and consumption actions are starting to involve a systemic 
approach guided by design and follow a defined pattern that supports industries in meeting 
the needs of today, preserving the future ones [1]. This systemic approach is particularly 
evident in the fashion sector and represents the intersection between fashion, design, and 
sustainability [2]. Fashion Design for Sustainability (FDfS) is the branch that investigates 
this specific point of intersection. This study of fashion, design and sustainability began in 
the early 2000s informed by several scholars [3-8]. They built the framework focusing on 
the environmental and social implications of the fashion sector, offering new examples and 
approaches. Prof. Fletcher's work "Design Journeys" marked a turning point expanding the 
sector boundaries and going beyond the simple interest in the material or technical 
characteristics but enhancing the physical and emotional well-being of people, as well as 
contributing to the use of resources ethically and responsibly without destroying social and 
ecological balance [9]. The fashion industry is now translating these concepts into tangible 
actions by developing greener design concepts, paying attention to materials choice, 
performing greener processes, involving ethical change, and empowering communities [2]. 

Therefore, the sustainable dimension of fashion contemplates the whole product 
lifecycle pattern the items might create from the design phase to the end of life. 

Fashion is investing intending to green the industrial machine processes to repair 
social and business practices and create a new way of viewing and living fashion [10].  

According to those mentioned above, how can fashion move forward to achieve the 
objectives set?  
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The fashion industry is implementing different circularity practices which aim at 
incrementally reducing the harm of the current linear model considering waste alternatives: 
Repairing, reusing, remaking, and composting [11].  

In the last few years, waste of industrial production and consumption, such as 
deadstock or used clothes, both of textile matrix and coupled with plastics, has been studied. 
These studies aimed to design sustainable production systems and new manufacturing 
techniques to approach a circular economy model [12-14].  

These strategic actions, guided by design, are intended to prevent waste and promote 
recycling. These efforts are coherent with the necessity to positively impact People and the 
Planet, stressing the importance of rethinking research and design (R&D) strategies and 
converting the old linear supply chain model into a new circular one [15].  

Recycled textiles are a fertile ground for fashion experimentation that, starting from 
the concept of circular economy, encompasses the entire textile supply chain, involving the 
different actors along the supply chain in a proactive way to encourage the establishment of 
a system of industrial symbiosis between the districts.  

A plethora of fashion and textiles companies are currently working on disruptive and 
ecological innovations to produce regenerated materials with high sustainable performative 
characteristics [16]. An excursus among ideas and techniques - that have been applied to 
this field of research - can show the possibilities enabled by the design-led approaches 
which hack the present to create the conditions of the future [17].  

The proposed paper investigates, with a view to the materials recovery, the 
valorisation of waste. At the base of the sourcing activity, there is the collection by 
companies of unsold, deadstock, and processing waste of some, which are circularly 
recovered into yarns, clothes, and accessories. The presented shift to circularity is consistent 
with the times as the global fashion industry needs to consider the scarcity of essential and 
finite resources. Resource-dependent enterprises need to seek alternative ways that allow for 
sustainable and continuous sources. The linear production that characterizes modern 
business models is unsustainable and requires a system of industrial symbiosis along the 
supply chain [17]. It is not just a technical issue. There is a need for a design, management, 
and optimization of material-driven activities to promote new strategic practices that can 
prevent waste production and, through materials recycling, drive the fashion sector's passage 
to a positive model of consumption.  

Starting from the presented state of the art in Fashion Design for Sustainability, the 
paper investigates the evolution of production practices in fashion and textile recycling. 
Particular attention is paid to the design-driven transition of the textile industry from a linear 
to a circular model. A design-driven change explores the potential positive impact of design 
on competitive advantage, addressing new product meanings. De Goye at al. [18] states that 
this development is guided by new knowledge on different contexts including,  

2. MATERIALS AND METHODS

The paper aims to presents the result of research conducted into how fashion and 
textiles companies, particularly those working in the European area, are focusing on 
implementing their recycling practices and performances through the adoption of the 
technological medium.  

Methodologically, the approach consisted of four main stages to co-construct new 
knowledge: the first phase of desk-based research of the current recycling practices in the 
fashion industry; the second phase mapped company and designers who are working on 
disruptive and ecological innovations for the production of regenerated materials with high 
sustainable performative characteristics identifying the best practices; the third phase of in-
depth analysis of the recognized best practices; and the last phase integrated all the collected 
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data to define the evolving design practices which are changing the circular future of 
fashion sector. 

The initial desk research phase made it possible to identify a varied and fragmented 
panorama of SMEs carrying out virtuous practices on the Continent.  

The further phase of mapping led to the identification of 202 companies located in 
23 nations worldwide, which have distinguished themselves for having reached a mature 
level within their production practices concerning the theme of sustainability (figure 1). All 
the identified practices were operating in the fashion or textile field, enhancing sustainable 
and responsible practices which considered both People and the Planet.  

Figure 1. Map of the sustainable company analysed 

The composition of the companies was heterogeneous. They were players 
implementing sustainability in their action, not only in the design field but also in the 
management and technology/engineering. Of the 188 companies mapped, 35 were selected 
as case studies.  The case studies aimed to narrow down a vast field of research into easily 
researchable topics. They were chosen according to several criteria:  

• Level of maturity to understand who was moving from greenwashing to become
feasible and strategic.

• Dimension, since the study was intended to be as representative as possible, the
authors wanted to have cases from all ranges of companies (from micro to big);

• Textile recycling technology selects representatives of the different methods and
technologies for textile waste recycling to understand the state of the art (figure
2).  

All these enterprises are today relevant for the methods they pursue implementations 
of sustainable practices within their system, often adopting a technological transformation 
approach as support. 

67



Figure 2. Case studies criteria selection 

The following phase consists of a further analysis through 5 selected face-to-face 
interviews with representatives from 5 companies that had previously distinguished 
themselves as best sustainable practices.  

The interviewed were selected according to: 
• their background;
• company history and reputation;
• their tangible outcomes;
• sustainable initiatives that efficiently improved their performances (reports,

stakeholders' evaluations, certifications), and communication.
All these case studies showed a desire to evolve and respond to the new needs of the 

surrounding environment, evidenced by their path towards circularity through recovering 
practices.  

The next phase interpreted the collected data exploring how a positive 
transformation in the fashion system is possible by implementing specific design-driven 
aspects. This step allowed the authors to understand which criteria a company working on 
design-led recycling practices must meet. These aspects are today related to materials, and 
they lead towards circularity by imagining and implementing processes with high 
sustainable performative characteristics in two particular areas: recycling, converting waste 
into new materials by destroying it and then giving it a new life; and regenerating, reusing 
scraps and waste, without destroying them, to create products that have more value [20]. 

3. RESULTS AND DISCUSSIONS

From the research emerged a clear overview of current recycling practices. To date, 
there are two methods of textile recycling: mechanical and chemical. Mechanical recycling 
is the recycling of textiles into fibres without the use of chemicals. During this process, the 
used garment is shredded and carded to extract the fibres from the fabric. This fibre can then 
be spun to make yarn for fabric or knit. Chemical textile recycling adopts a series of 
chemical processes to depolymerize/dissolve the thread to make a monomer/solvent, create 
a new fibre compound, or extract a combination from a mix. These processes' end products 
are often of the same quality as their virgin counterparts, with no loss of physical properties 
through the recycling process. Both these practices are carried out to achieve the goal of a 
circular economy. This goal is consistent with what the European Union has established: By 
2025, end-of-life textiles must be collected separately and recycled so that new fibrous 
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material with properties similar to virgin material can be produced [19].  This goal is 
already technically feasible for selected mono-material waste textiles of a single fibre type, 
the problem is multi-material textiles. To date, there are no technologies that can allow a 
sustainable transformation of these materials. While, in cases where textile blending is 
necessary, it will be mandatory to design new forms of recycling capable of separating 
different fibre materials directly or through selective processing of individual fibre materials 
into useful chemicals.  Furthermore, as Piribauer and Bart [20] reported, since any recycling 
process to be implemented by a private company must be profitable, a bonus-malus system 
based on extended producer responsibility should be considered. 

In addition, design can play a crucial role in enabling easier and more effective 
recycling methods. Below is a list of the significant design actions highlighted by the 
research: 

• Design for recycling, avoid mixing to allow materials to return to their cycle.
• Design for mono materials, use sewing threads with the same composition as the

garment material.
• Consider sustainable colours, dyes, finishes, and prints and avoid toxic

chemicals.
• Design for sustainable systems; since the selection process is still manual,

consider switching to an automated process.
• Design for people, educate consumers.
The presented results address how design drives solutions that lead towards 

circularity. A new paradigm by imagining and implementing processes with high 
sustainable performative characteristics. This move towards circular models is 
happening in two specific areas: 

1. Recycling means converting waste into a new material by destroying it and
then giving it a new life.

2. Regenerating means reusing scraps and waste without destroying them to
create valuable products [21].

Recycling responds to the new pace of consumption in the Western world which 
follows fast and unsustainable patterns. This unsustainable path has led to an increase 
indisposed of clothing and textiles rather than being reused or recycled. According to 
data, 85% of clothing and textiles end up in landfills, even though 95% can be reused 
and recycled [22].  Once in landfills, there are two possible scenarios. First, natural 
fibres can take a few weeks and/or a few years to decompose, releasing methane and 
CO2 gas into the atmosphere [23].  In the second scenario, synthetic textiles are 
designed not to deteriorate and may release toxic substances into groundwater and 
surrounding soil [24]. According to the processed data, textile recycling can be a 
solution to these issues and offer both environmental and socio-economic benefits: 
decreasing the need for landfill space, bearing in mind that synthetic fibre products do 
not decompose and that natural fibres can release greenhouse gases; avoiding the use of 
virgin fibres; reducing energy and water consumption; impacting on the pollution of 
land and resources while preserving the health of people and workers [25]. Regenerating 
address the fact that today the textile industry is a vast and high-impact industry. Fibbers 
are the primary raw material for textiles, and their manufacture produces tremendous 
environmental and social impact, which is necessary to find sustainable alternatives 
[26]. In this context, the case of cotton is emblematic. Cotton is the most widespread 
profitable non-food crop in the world. Its production provides income to more than 250 
million people worldwide and employs nearly 7% of all labour in developing countries. 
About half of all textiles are made from cotton. Hence, cotton global reach is vast, but 
current cotton production methods are environmentally unsustainable, undermining the 
industry's ability to maintain future production [27]. In the presented scenario, textile 
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manufacturing industries need to design new resources, technologies, and 
environmentally and socially adequate processes.  
From the collected data emerged how regenerated fibres may represent a solution. In 
recent years, they proved to be a viable alternative that has overcome the limits linked to 
the environmental and social dimensions. Regenerated fibres address the chemical issues 
in two ways:  

• using innovative solutions that make it possible to beat impacts and produce
in a way that is compatible with both people and the environment [28];

• rediscovering historical techniques whose application can be a positive and
sustainable added value for companies and their production [2]. These
productive practices support an industrial shift to circularity which is
consistent with the times.

The global fashion industry needs to consider the scarcity of essential and finite 
resources. Resource-dependent industries need to seek alternatives. As previously stated 
(see Section 1), the linear production that characterizes modern business models is 
unsustainable and requires a system of industrial symbiosis along the supply chain. The 
introduced discussion will be enhanced by presenting two case studies selected among the 
best practices identified by the research. According to the strategies mentioned above, 
companies are operating to innovate their production practices and waste management to 
improve their circular performances and develop new sustainable alternatives. The 
following sections will enhance the discussion introduced above by presenting two case 
studies selected among the best practices identified by the research. The purpose of 
using case studies is to focus on one case but simultaneously consider their entire 
context. Thus, their illustration will include many variables and qualities sufficient to 
delineate the research field and offer actual data [29]. 

3.1. Destroying materials for giving new life: The Ecoalf case 
Ecoalf is a Spanish apparel label committed to creating an alternative business 

model to preserving the Planet. Ecoalf uses a high proportion of eco-friendly materials 
concentrating their R&D strategies on recycled materials limiting the number of 
chemicals, water, and wastewater used in their production. Their garments are made 
from recycled materials, such as plastic bottles from the bottom of the ocean, recycled 
nylon, cotton, and wool, and recycled used tires. Also, they are an example of industrial 
synergy as their products are made through partnerships in different countries such as 
Spain, Portugal, Taiwan, or Japan, among others. The aim is to create products that 
promote sustainability among consumers seeking design and quality [30]. Their sources 
characterize the materials: Ecolaf uses the recycled plastic trash collected from the 
oceans. The company has been interrogated specifically on their initiative "Upcycling 
the Oceans". This initiative – co-founded by EU Commission- allow them to recycle 
over 70,000,000 plastic bottles and 60 tonnes of fishing nets: with 70 plastic bottles and 
135 grams of nets, the company can create one meter of fabric [31]. The project started 
in 2015 on the initiative of the Ecoalf Foundation together with the HAP Foundation. 
They aimed to help remove marine debris from the bottom of the oceans thanks to the 
support of anglers: recuperating the plastic trash that is damaging the sea and 
transforming it into top-quality yarn to produce their garments. 

The company has come a long way in the last six years, mainly concerned with 
the quality of the final materials. The main issue was the low and inconsistent quality of 
the debris recovered by the fishermen. They overcame these complex barriers thanks to 
crucial investments in R&D. Their work focused on recycling PET plastic bottles - 
which now constitute the primary raw material of Ecoalf. Their innovative process 
transforms old plastic bottles into flakes and pellets to obtain a high-quality, 100% 
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polyester recycled filament. This technology offers a successful alternative to the use of 
the Planet's natural and finite resources. Using recycled materials, the brand saved over 
20% in water, 50% in energy, over 60% in greenhouse emissions, and holds 27% in 
terms of natural resources [32]. Ecoalf is now meeting the challenge of recycling ocean 
plastic waste, transforming it into a sustainable and profitable resource. They have been 
selected and introduced in this paper as sustainability pioneers. Their practices 
succeeded in creating the first generation of recycled products with the same quality and 
design as the best non-recycled ones. This achievement results from a design-driven 
innovation that started from the company's culture and their vision of doing things. They 
explore how values and aspirations could evolve. This culture and vision do not come 
from the market but creates new markets; they do not push new technologies but give 
rise to new meanings [33]. Ecoalf's winning practice, which is today replicable, is an 
example of the industry's positive conversion. This conversion is based on the 
company's purpose of starting recycling practices that could convert waste into a new 
material giving it a new life. Ecoalf proves that companies can manage this process to 
redefine dominant meanings and thus bring long-term competitive advantage [34]. 

       3.2. Preserving materials for giving new value: The Evrnu case 
Evrnu® is an American textile innovations company creating a circular 

ecosystem. The company became famous in the international textile scene thanks to its 
partnership with Levi Strauss & Co. This collaboration aimed to develop the world's 
first jeans made from discarded cotton. The company develops a patented technology to 
create engineered fibres characterized by high performance and minimal environmental 
impact made from discarded clothing. Evrnu® primary objective was regenerating 
cotton waste - post-consumer (worn and used garments) cotton waste - to create 
premium fibres. Today, the fashion industry is estimated to create 92 million tons of 
textile waste annually, and landfilled waste produces methane over 20 times more 
harmful than CO2 [32]. For these reasons, the company aims at contributing to minimize 
textile waste and address natural resource vulnerability. To reach this goal, the company 
researched and developed an innovative technology that purifies cotton garment waste, 
converts it to a pulp, and extrudes it as a new fibre to create premium textiles. 

Furthermore, they build a closed-loop system that creates positive synergies 
between pivotal actors along the supply chain as producers, retailers, and consumers. 
Evrnu's mission focuses on the idea that taking waste and turning it into something else 
is meaningless if that something else has a fate that ends up in a landfill or incinerator: 
companies just created a delay to the inevitable waste [33]. What characterizes the 
process developed by Evrnu is its creation of minimal negative environmental impact. 
Their technology uses 98% less water than is required to produce virgin cotton. In 
addition, Evrnu eliminates 80% of the polluting emissions typical of manufacturing 
these products and can be remanufactured multiple times [34]. Evrnu has been selected 
as a case study for their environment-sparing alternative for the world's highest-demand 
fibres such as cotton, polyester, and rayon. From a design-driven perspective, their work 
gives new meaning to waste. They can meet latent needs and desires and explore new 
markets, developing innovative products differently from the past and showing a new 
future [19]. Their practices are laying the foundations for closing the loop on fashion 
overproduction/waste. 

4. CONCLUSIONS AND FUTURE RESEARCH

This paper discussed the current scenario of the recycling textiles dimension in 
the fashion and textile sectors. Here are reported innovators, in the two identified 
categories, through the use of case studies. The discussion informs directions towards a 
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circular paradigm enabled by the adoption of design-led practices in the European 
fashion industry. The main methods highlighted how design is crucial in driving a 
continuing evolution to a more sustainable context. The paper suggests that the link 
between circularity and innovation-driven innovation in the fashion field is related to 
systemic practices. Such practices nurture an industrial symbiosis along the supply chain 
that considers actions carried out to extend product time in the system, transforming 
them or assigning them to another loop or sector. These practices are now contributing 
to the circular passage thanks to their role in preserving non-renewable resources and 
eliminating waste. 

Future points of reflection stimulated by this work may concern possible 
directions for the evolution of recycling technologies and the exploration of the role of 
design in developing systems to improve collection and recycling of used textiles to 
follow up amounts and quality levels of collected, used materials. 
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Abstract: Water-repellent textiles are usually prepared by application of hydrophobic polymers such as 
fluorocarbons on fabrics using padding or spraying methods followed by drying and curing steps. These 
procedures impart hydrophobicity to the fabric, but harm the physical and handle properties of the fabric. In 
this study, low-pressure plasma was employed for the polymerization of 1H,1H,2H,2H-Perfluorooctyl acrylate 
on PET/Wool fabric for obtaining water-repellent properties with minimum effect on other desirable properties. 
To compare the results with the conventional industrial processes, a sample was treated with a commercial 
water-repellent agent using pad-dry-cure method. The water contact angle, bending length, tensile strength, air 
permeability, and surface morphology of the samples were compared. The plasma-treated sample showed 
similar water contact angle and higher fastness properties compared with the sample prepared by the 
conventional method. The tensile strength of the samples was similar, while the air permeability of the plasma-
treated sample was higher and the coating was more uniform compared with the sample prepared by the pad-
dry-cure method. 

Keywords: fluorocarbon, plasma, polyester, water repellent, wool 

1. INTRODUCTION

Water-repellent textiles are highly demanded especially for outdoor use, such as tents 
and outdoor clothing. Silicon or fluorine compounds are usually employed for hydrophobic 
finishing of textiles and are usually applied by padding, coating or spraying processes. It is 
important that the fabric retain its physical properties such as tensile strength, tearing strength, 
handle, and air permeability after being treated with a water repellent finishing agent [1,2]. 

Pad-dry-cure is the most commonly used method for water-repellent finishing of 
textiles. The application of high amounts of water repellent agent at elevated temperature 
usually causes severe damage on the textile fibres. It also consumes a lot of energy and is not 
environmentally-friendly. Plasma technology is one of the alternative methods for application 
and polymerization of water repellent monomers on textiles with minimum effect on their 
physical properties. Plasma treatment also improves the adhesion between the water repellent 
film and the textile fibres, which improves the fastness properties of the finished goods [3,4]. 

Plasma treatment can be employed in water repellent finishing of textiles in two mays. 
Pre-treatment of the textile surface with oxygen, air, or nitrogen plasma can enhance the 
adhesion of conventional water repellent finishing agents on the fibres. Also, it is possible to 
polymerise and graft some gases such as CF4, C2F6, SF6, SiH4, etc. on textile fibres using 
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plasma. In this case, the plasma discharge must occur in the fluorine or silicone containing 
gas [3,5,6]. By the aim of plasma enhanced chemical vapor deposition method, thin inert 
fluorocarbon coatings can be deposited uniformly on the surface of any type of textile material 
in a single stage process with the minimum use of chemicals, water, and energy. In this 
process, the composition, uniformity, morphology, and thickness of the coating can be easily 
controlled and water repellent, oil repellent, and anti-fouling properties can be obtained by 
the proper choose of the precursors [7]. 

Zanini et al. employed an atmospheric pressure plasma pre-treatment to improve the 
hydro- and oleo-repellent finishing of cashmere and wool/nylon fabrics coated with a 
commercial fluorocarbon resin by a pad-dry process. Dielectric barrier discharge plasma 
treatment using air/water vapour mixture as the processing gas improved the uniformity of 
coverage and enhanced the hydro- and the oleo-repellent properties of the finished fabrics [8].  

Ramamoorthy et al. grafted a C6 fluorocarbon (2-(perfluorohexyl) ethyl acrylate) on 
cotton fabric using atmospheric pressure plasma. The monomer was evaporated and injected 
in the glow discharge region of the plasma treatment reactor. Argon was used as the carrier 
gas. Cotton fabric was slowly moved through this region and a thin film of the fluro-polymer 
was deposited on the surface of the cotton fibres. The resulting fabric showed water, alcohol, 
and oil repellent properties comparable with the samples prepared by the conventional pad-
dry-cure process. The water repellent property was durable against soxhlet extraction, which 
confirms the good adhesion between the coating and cotton fibres [9]. 

 In this study, PET/Wool fabric was treated with a commercial water repellent agent 
by a pad-dry-cure process and compared with another sample prepared by direct 
polymerization of 1H,1H,2H,2H-Perfluorooctyl acrylate using low-pressure plasma. 

2. EXPERIMENTAL

2.1 Materials 
1H,1H,2H,2H-Perfluorooctyl acrylate (figure 1) was purchased from Sigma-Aldrich 

(USA). Repellan EPF (Fluorocarbon based water repellent agent) was obtained from Pulcra 
chemicals GmbH (Germany). Twill weave 55% polyester/45% wool fabric with a weight of 
237 g/m2 and Nm (yarn count) = 44 (two ply) was obtained from Motahari spinning and 
weaving company, Qazvin, Iran. Non-ionic detergent (Ultravon GPN) was obtained from 
Huntsman (Switzerland). 

Figure 1. The chemical structure of 1H,1H,2H,2H-Perfluorooctyl acrylate 

2.2 Methods 
To remove any impurities, the fabric samples were scoured using a solution containing 

2 g/l non-ionic detergent and 2 ml/l ammonia (L:G = 30:1) at 60°C for 45 min, then rinsed 
with distilled water and dried at ambient temperature. 

Plasma treatment was done using a low-pressure equipment made by BasaFan 
company, Iran (Plasma DEJ BF60). Before introduction of the vapour of the fluorocarbon 
monomer to the plasma treatment chamber, the surface of the fabric was activated by 
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oxygen/argon plasma for 2 minutes at power of 100 W. The flow rate of oxygen and argon 
was 50 Sccm. 1H,1H,2H,2H-Perfluorooctyl acrylate was heated in a bottle to 50°C and the 
vapour was introduced to the chamber with a flow rate of 300 Sccm. Argon gas with a flow 
rate of 20 Sccm was also used as the carrier gas. Pasma was ignited for 10 minutes at power 
of 100 W. Finally, the sample was removed and used for further characterizations. 

For commercial water repellent finishing, the fabric was padded with 40 g/l Repellan 
EPF at pH=5.5. The pick-up was 60%. The sample was dried at 110°C and cured at 150°C for 
2 minutes. 

The surface morphology of the samples was investigated using SEM images taken on 
a Vega3 scanning electron microscope (Tescan, Czech Republic). FTIR spectra was obtained 
using a Vertex 70 (Brucker, Germany) spectrometer in the range of 400-4000 cm-1. The 
bending length, air permeability, and tensile strength of the samples were measured according 
to BS-3356, BS-5636, and ASTM D5035 standards, respectively. Washing fastness was 
evaluated according to the ISO 105-C03: 1994 standard. The contact angle of the fabrics was 
measured according to the method described in the literature [10,11]. 

3. RESULTS AND DISCUSSION

3.1. Contact angle 

Table 1 shows the contact angle (CA) of water droplets on raw fabric as well as the 
samples prepared by plasma treatment and commercial method at time of zero and after 30 
seconds. The samples have been washed according to ISO 105-C03: 1994 standard and the 
CA of the washed samples is reported as well. It can be seen that the raw sample has the 
lowest contact angle at the beginning and it is decreased drastically after 30 s. The contact 
angle of water droplet on the plasma-treated sample is much higher than the raw sample and 
lower than the commercially prepared sample at time of zero and after 30 s. But comparing 
the contact angles of the washed samples, the plasma-treated sample showed a higher contact 
angle even after 30 s of contact with the fabric. This confirms the better fastness of the water 
repellence imparted to the fabric by plasma polymerization. It is due to the grafting of the 
water repellent film to the surface of the fibres and higher crosslinking of the plasma 
polymerized film.   

Table 1. Contact angles of the samples prepared by plasma and commercial methods 
Sample t= 0 t= 30 s CA at t= 0 s CA at t= 30 s 

Raw 100.32 79.02 

Plasma-
treated 107.53 107.25 
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Plasma-
treated-
washed 

107.85 107.22 

Commercially 
prepared 128.99 125.65 

Commercially 
prepared-

washed 
101.72 99.7 

3.2. Surface morphology 
Figure 2 shows the SEM images of raw fabric as well as the samples prepared by 

plasma treatment and commercial method. It can be seen that the fibres have been coated more 
uniformly using the plasma polymerization compared with the conventional pad-dry-cure 
method.  

Figure 2. SEM images of: a – raw; b - plasma-treated; c - commercially treated samples 
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 Also, it can be seen that the spaces between the fibres have been filled with the water 
repellent resin and the fibres have been sticked together which can affect the handle and 
breathability of the fabric. 

3.3. FTIR spectroscopy 
   The FTIR spectra of the raw, plasma-treated and commercially treated samples are 

shown in figure 3. The FTIR spectra shows no significant difference between the raw and 
plasma-treated samples, which may be due to the thinness of the coating. The peak at 1620 
cm-1 which corresponds to the carbonyl groups of wool and PET fibres has been diminished 
in the spectrum of the commercially-treated sample which means the coating of the surface 
of the fibres with a comparably thick layer of the hydrophobic coating. Figure 4 shows a 
schematic presentation of the grafting and polymerization of 1H,1H,2H,2H-Perfluorooctyl 
acrylate on wool and PET fibres in the presence of plasma. Ar/O2 plasma etches and 
activates the surface and subsequently a thin film of crosslinked fluoropolymer is grafted 
on the activated fibres in the next stage. 

Figure 3. FTIR spectra of raw, plasma-treated, and commercially-treated samples 
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Figure 4. The schematic presentation of plasma polymerization of 1H,1H,2H,2H-
Perfluorooctyl acrylate of the fabric surface [12] 

3.4. Physical properties 
Table 2 shows the bending lengths of different samples. It can be seen that both water 

repellent samples showed higher bending lengths compared with the raw sample, which 
means an increase in the stiffness of the fabric. However, the bending length of the sample 
prepared by plasma coating is lower than the commercially prepared sample. This means that 
a better handle can be obtained when plasma technology is used for water repellent finishing 
of PET/Wool fabric.  

The air permeability values of the samples are shown in table 3. It can be seen that the 
air permeability of the plasma-treated sample is near to the raw sample which confirms that a 
thin film of the fluorocarbon polymer has been deposited on the surface of the fibres which 
does block the air passing between the fibres and does not affect the air permeability and 
breathability of the fabric. As can be seen, the commercial process highly affected the air 
permeability due to binding the fibres with the high amount of the resin. 

Table 2. bending lengths of different samples 
Sample Bending length (cm) CV% 

Raw 1.76 0.152 
Plasma-treated 2.23 0.152 

Commercially prepared 2.83 0.254 

Table 3. Air permeability values of different samples 
Sample Air permeability (cc/s.cm2) 

Raw 100 
Plasma-treated 95 

Commercially prepared 64.5 

 Table 4 shows the breaking force and extension at breaking point. Both treated 
samples showed higher breaking force and extension compared with the raw sample. It seems 
that the presence of the fluoropolymer film on the surface of the fabrics increased their 
strength. Also, the absence of bonding between the fibres and yarns in the plasma-treated 
sample let the fibres to slip more easily, causing higher extension for this sample. 

Table 4. Breaking force and extension at breaking point of different samples 
Sample Extension at break (%) CV % Force (N) CV % 

Raw 36.15 4.81 325 6.78 
Plasma-treated 38.33 2.31 339 5.60 

Commercially prepared 36.40 5.81 347 8.12 
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   4. CONCLUSIONS 
 

PET/Wool fabric was subjected to water repellent finishing by two different methods 
including a conventional pad-dry-cure procedure by a commercial water repellent agent and 
plasma polymerization of 1H,1H,2H,2H-Perfluorooctyl acrylate as a new method. The results 
showed that the plasma treatment method results comparable results in term of water contact 
angle with the conventional method. However, the wash fastness of the plasma-treated sample 
was higher compared with the sample prepared by the conventional method. 

The coating of the plasma-treated sample was more uniform and the produced film 
was thin and the fibres were not sticked together. This resulted in better handle and higher air 
permeability and extension at break for this sample. The breaking force of both samples was 
higher than the raw sample. The breaking force of the commercially prepared sample was a 
little higher than the plasma-treated sample.  

The results of this study show the great potential of plasma technology for eco-
friendly, uniform and long-lasting water repellent finishing of PET/Wool fabrics with 
minimum effect on their desirable properties. 
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Abstract: Although the textile industry has many products to offer to humanity, it consumes a lot of energy and 
indirectly causes greenhouse gas emissions. With increasing environmental awareness, parameters such as the 
cost and performance of each industrial activity to society, as well as the use of natural resources and the 
possibility of causing global environmental problems to have become more frequently considered factors. In 
the denim bleaching process, the desired effect is usually obtained with the help of sodium hypochlorite. 
Sodium metabisulfite is then used for the neutralization process. Since these processes are carried out at high 
liquor ratios, the waste load resulting from the consumption of necessary chemicals and water is also high. 
In this study, ecological bleaching methods have been developed as an alternative to the conventional sodium 
hypochlorite bleaching method by reducing the use of water and chemicals with low liquor and spraying 
bleaching methods. Denim garments subjected to bleaching with low liquor and spraying methods were 
compared with denim garments applied to sodium hypochlorite bleaching in industrial washing machines 
according to exhaustion method. In the spraying method, the mixture coming out of the narrow nozzle is mixed 
with the compressed air by means of a specially designed spray gun and sprayed in very small droplets. Thus, 
a good atomization is ensured, and a low liquor ratio water cloud is created. 
The results between conventional and ecological bleaching processes were compared according to processes 
cost, water and chemical consumption, aging effect, tear strength, elasticity, and recovery analyses. 

Keywords: bleaching, denim, low-liquor ratio, sustainability, spraying 

1. INTRODUCTION

The concepts of sustainability, product life cycle and ecological production have 
become more and more important considering the dangers that may affect the entire 
ecosystem, such as global warming. Therefore, companies and consumers become more 
conscious day by day. According to a report published by the World Bank, the textile and 
fashion industry is the second most polluting world and responsible for 20% of the water 
consumed on our planet [1]. 

With the increase in greenhouse gas emissions and the risk of lack of water, many 
countries, companies, and organizations around the world have started to implement 
innovative initiatives and technologies in order to re-evaluate their activities and produce 
their products both using less water and causing low carbon emissions [2].  

Textile is one of the basic human needs and almost all the textile fabrics are colored. 
Unfortunately, the extensive amounts of clean water, petrochemical based dyes, and 
chemicals are used for textile dyeing. After dyeing, these substances are discharged as 
pollutants. The disposal of this discharge is a serious issue which pollutes the natural 
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environment. Therefore, there is a dire need to develop the novel dyeing processes with 
extremely low consumptions of water, dyes and chemicals [5]. 

Denim clothing has been deeply in people’s favorite due to its easy and simple style. 
Along with the evolution of denim clothing, the self-characterized washing technique, for its 
production impose, has antique appearance and comfortable texture, which becomes the 
essential element leading to fashion [3]. In the production of denim garments, in order to 
create the desired aged effect on the products, whisker, laser, stone washing, spray, 
bleaching, etc. processes are implemented which are called dry and wet processes [4]. 
Among various methods, sodium hypochlorite oxidation method (chlorine bleaching), with 
its supreme efficiency, apply into the further area in industrial production [3].  

In denim bleaching process a strong oxidative bleaching agent such as sodium 
hypochlorite or potassium permanganate added during the washing with or without stone 
addition. Discoloration produced is usually more apparent depending on strength of the 
bleach liquor quantity, temperature and treatment time. It is preferable to have strong bleach 
with short treatment time. Neutralization process should be taken for the bleached goods so 
that they should be adequately antichlored or after washed with peroxide to minimize 
yellowing [6]. The effect of enzyme wash using cellulase enzyme on the properties of denim 
garments to develop novel design and fashion. Three parameters in enzyme washing namely 
concentration of enzyme, washing temperature and time at pH 5.5 were considered. They 
were chosed indigo dyed cotton denim garments (trousers) to investigate the optimum 
washing condition and processed by enzyme with the concentration of 0.5% to 3.5%, 
temperature 40°C to 70°C and time 20 min to 60 min for the achievement with desired worn 
and aged effect. The effect of each parameter was discussed, and denim garments properties 
like tensile strength, elongation at break, weight loss, stiffness, water absorption, shrinkage, 
color fading and morphological values by SEM were evaluated. The optimized washing 
condition for the best value was found, 2% enzyme concentration at 55°C for 40 min [7]. 

The influences of the ultrasonic power, the processing time, temperature and sodium 
hypochlorite concentration on the bleaching-washing effect were analyzed based on the 
surface K/S value of denim fabric during the ultrasonic-assisted chlorine bleaching washing 
the denim. They were found that the ultrasonic collaborative sodium hypochlorite washing 
the denim with a better bleaching effect could save more energy than traditional stirring 
way. The optimum process followed as the ultrasonic power 400 w, the ultrasonic total 
times 20 min, the bleaching temperature 25°C and the solution concentration 5% [8]. 

Jie Xu et al., were investigated the optimization methodology by combining 
ensemble of surrogates (ESs) with particle swarm optimization (PSO) to optimize 
production cost of chlorine bleaching for denim were proposed. The methodology starts 
from the data collections by conducting a Taguchi L25 (56) orthogonal experiment with the 
process variables and metrics for evaluating bleaching performances. Based on the data, 
they were separately constructed the quantitative relationships by using RBFNN, SVR, RF 
and ensemble of them. Then, accuracies of the surrogates were evaluated, and it was proved 
that the ESs outperforms the others. The ESs PSO approach shows great capability of 
optimizing production cost of sodium hypochlorite bleaching washing for denim [9]. 

In one article, the researchers studied nano bubble dyeing of cotton with 11 different 
reactive dyes. The fabric dyeing performance properties of shade depth, dry rubbing 
fastness, wet rubbing fastness, and washing fastness were assessed for the liquor ratio of 
1:1. The performance of 1:1 dyeing was compared with the conventional dyeing having 
liquor ratios of 1:5 and 1:10 for the same dyes. All the 11 reactive dyes, dyed at liquor ratio 
of 1:1 exhibited the uniform dyeing, acceptable fastness properties, and superior air 
permeability along with zero liquid discharge in the main dyeing cycle [5]. 
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2. MATERIALS AND METHODS

       Indigo dyed denim fabric was purchased from Matesa Denim AŞ., Turkey. Weight 
of the fabric is 12 oz/yd2. It has a 3/1 Z twill weave structure, 99/1% - CO/EL mixture and 
24% elasticity. The amylase enzyme and dispersing agent for the desizing process were 
supplied from Dystar, Singapore. Sodium hypochlorite for bleaching process was purchased 
from Rubin Kimya AŞ., Turkey. Pumice stone for stonewash process was purchased from 
Kastone LTD., Turkey. Stonewash enzyme was purchased from Dystar, Singapore. Sodium 
metabisulfite used for neutralization was purchased from Akkim Kimya A.Ş., Turkey. 
Tolkar’s 1326 liter model industrial washing machines were used for the conventional 
method and Yılmak’s 5000 liter Rainforest model was used for low liquor bleaching 
processes. The spraying machine was supplied from Method Makine, Turkey. The 
experimental scheme of the bleaching processes is shown in table 1. The flow chart of each 
process is shown in figure 1. 

Table 1. The experimental scheme of the bleaching processes 
Method Sample 

quantity 
(pants) 

Liquor ratio (kg/lt) Water (L) Temperature 
(°C) 

Chemical 
amount 

(g/lt) 
Conventional 
Exhaustion 50 

1:10 (Bleach) 
1:7 (Neutralization) 

1:7 (Washing) 
1:7 (Washing) 

250 (Bleach) 
175 (Neutralization) 

175 (Washing) 
175 (Washing) 

50 
Cold 
Cold 
Cold 

12 (NaOCl) 
4 (Na2S2O5) 

- 

-

Low Liquor 
Washing 50 

1:5 (Bleaching) 
1:3 (Neutralization) 

1:3 (Washing) 
1:3 (Washing) 

125 (Bleaching) 
75 (Neutralization) 

75 (Washing) 
75 (Washing) 

50 
Cold 
Cold 
Cold 

24 (NaOCl) 
13 

(Na2S2O5) 
- 

Spraying 

50 

1:0.24 (Bleaching) 
1:3 (Neutralization) 

1:3 (Washing) 
1:3 (Washing) 

6 (Bleaching) 
75 (Neutralization) 

75 (Washing) 
75 (Washing) 

Cold 
Cold 
Cold 
Cold 

334 (NaOCl) 
3 (Na2S2O5) 

- 

-

Firstly, denim pants were produced after cutting-sewing processes. Then, they were 
subjected to washing processes according to the experimental plan shown in Table 1. In 
order to evaluate the differences between the application methods, the following tests were 
applied to the products: 

• Elasticity and recovery analyses according to ASTM D3107-07 standard.
• Tear strength analysis according to ISO 13937-2:2000 standard.
• Light cabinet analysis to evaluate the aging effect according to ISO 3664:2009

standard.
• Wasteload of bleaching methods analysed and compared each other.
Wastewater analyzes of ecological and conventional processes carried out in Çevtest 

Ölçüm Laboratuvarı Tic. Ltd., a laboratory accredited by TÜRKAK according to AB-0091-
T and TS EN ISO/IEC 17025:2017 standard. Only conventional and low liquor methods 
have been analyzed since almost no wastewater is generated in the spraying method. In 
addition to these analyses, process cost, water and chemical consumption were calculated 
and compared each other. Table 2 includes wastewater measurement parameters and 
standards. 
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Figure 1. Flow chart of each process 

Table 2. Wastewater measurement parameters and standards 
Parameter Unit Standard 

Chemical Oxygen Demand (COD) mg/lt SM 5520-B 
Free Chlorine mg/lt SM 4500-CI G 

Biochemical Oxygen Demand (BOD) mg/lt SM 5210 B 
Ammonium Nitrogen mg/lt SM 4500-NH3 B, F 

Suspended Solids mg/lt SM 2540 D 
Conductivity µS/cm SM 2520 B 

pH - SM 4500 H B 

3. RESULTS AND DISCUSSIONS

When the results are examined, for the aging effect, although less water is used in 
the low liquor process compared to the conventional method, a similar effect was obtained 
in a shorter time. In addition, the homogeneity between the products is within acceptable 
limits. As it can be seen in figure 2, more vivid and moire effects were obtained in the 
spraying method. Table 3 shows the elasticity and tear strength analysis results of the 
conventional methods with alternative ecological bleaching processes.  
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Figure 2. Bleaching methods 

Table 3. Tear strength, elasticity and recovery analyse results 
Bleaching Method Tear strength (N) Elasticity 

(%) 
Recovery 

(%) Warp Weft 
Raw Samples (non-

bleached) 35.74 41.84 18.44 4 

Conventional Exhaustion 29.16 29.46 21.94 12 
Low Liquor Ratio 22.58 30.23 18.57 6 

Spraying 23.45 26.49 19.92 9 

No statistically significant difference was observed between the results of elasticity 
and tear strength analysis. All samples have tear strength above the limits (15 N) determined 
according to the ISO 13937-2:2000 standard. Exposure of fabrics to chemical, heat and 
mechanical forces caused a loss of strength as expected. Considering the results of the 
elastic recovery analysis, it was measured as raw samples, low liquor, spraying and 
conventional method, in descending order. The highest water consumption is realized in the 
conventional method with the amount of 31 liters/kg of product. The least water 
consumption was achieved in the spraying method with 9 liters/kg of product. Chemical 
usage per product was occurred as spraying method, conventional and low liquor ratio, in 
ascending order, respectively. Although the waste load seems to have been realized at the 
least in the conventional method, the reason for this seems to have decreased proportionally 
as more water is used in the conventional method. Figure 3 shows the comparison of water, 
chemical and waste loads.  
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Figure 3. Amount of water, chemical and waste load 

When the process costs are compared, it is seen that the spraying method is 30% 
lower and the low liquor method is 20% lower than the conventional method. Wastewater 
analysis results are shown in table 4.  

Table 4. Wastewater analysis results 

Parameter 
Low liquor 

method 
Conventional 

exhaustion 
Low liquor 

method 
Conventional 

exhaustion Standard 
Value (total) Value (per kg.product) 

Chemical Oxygen 
Demand (COD) 323.80 mg/lt 294.70 mg/lt 2.89 mg/lt 5.36 mg/lt TS 2789 

Free Chlorine 28.10 mg/lt 1.87 mg/lt 0.25 mg/lt 0.03 mg/lt SM 4500-
Cl G 

Biochemical Oxygen 
Demand (BOD) 64.40 mg/lt 56.40 mg/lt 0.58 mg/lt 1.03 mg/lt SM 5210 B 

Ammonium Nitrogen 0.81 mg/lt 15.67 mg/lt 0.01 mg/lt 0.28 mg/lt SM 4500-
NH₃ B, F 

Suspended Solids 1951.00 mg/lt 5334.00 mg/lt 17.42 mg/lt 96.98 mg/lt SM 2540 D 
Conductivity 2900 μS/cm 6780 μS/cm 25.89 mg/lt 123.27 mg/lt SM 2520 B 

pH 8.57 / 23.2°C 7.96 / 23.2°C 8.57 / 23.2°C 7.96 / 23.2°C SM 4500 
H+ B 

When the results are examined, although the pH difference is not much, the 
difference can be explained by the amount of sodium hypochlorite used in the boiler with 
the same liquor ratio. When the sodium hypochlorite usage rates of low liquor ratio and 
conventional exhaustion processes are examined, it is seen that more sodium hypochlorite 
per liter is used in conventional exhaustion. COD-BOD ratios appear slightly higher in the 
low liquor trial. However, per kg, it is seen that low liquor method has more advantageous. 
The difference in conductivity - suspended solids - ammonium nitrogen is due to the high 
amount of sodium hypochlorite given per liter. Therefore, these values were higher in 
conventional exhaustion method. 
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4. CONCLUSIONS 
 

In this study, denim fabrics with 3/1 twill weave structure containing 99/1% 
cotton/elastane were carried out in bleaching processes by conventional, low liquor and 
spraying methods after cutting-making processes. The results were compared in terms of 
aging effect, physical properties of the fabric such as elasticity, tear strength etc., waste 
load, water and chemical consumption, and process cost.  

When the results were examined, the aging effect closest to the conventional method 
was obtained with the low liquor method. No statistically significant difference was 
observed between the results of elasticity and tear strength analysis. All samples have tear 
strength above the limits (15 N) determined according to the ISO 13937-2:2000 standard. 
Considering the results of the elastic recovery analysis, it was measured as low liquor, 
spraying and conventional method, in descending order. A similar effect has been developed 
in a shorter time compared to the conventional method, without affecting the physical 
properties of the product, with a 20% lower cost. 

The highest water consumption is realized in the conventional method with the 
amount of 31 liters/kg of product. Compared to the conventional method, the water 
consumption was reduced by 69.3% and chemical consumption by 39.8% with the spraying 
method. Thus, approximately 88 million liters of water and 5.92 million kg of chemicals 
were saved for a company that produces an average of 8 million denim pants per year. 
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Abstract: Fabrics produced from microfilaments are superior to conventional fiber fabrics, due to their 
properties such as light weight, durability, waterproofness, windproofness, breathability and drapeability. 
Tightly woven fabrics produced from microfilament yarns have a very compact structure due to small pore 
dimensions between the fibers inside the yarns and between yarns themselves. It is almost very difficult to 
distinguish the structures of densely woven fabrics with the visual evaluation. Therefore, it is very important to 
automatically determine the differences in the texture properties of such fabrics. Thanks to the developments in 
image acquision technology and image processing methods, the texture classification of fabrics can be 
estimated more quickly and reliably than visual inspection. In this study, the classification of high-density 
microfilament woven fabrics according to different texture types and thread density was achieved by using the 
ResNet-50 algorithm. The obtained results were evaluated in a confusion matrix form. The classification 
accuracy of the CNN algorithm was measured as 0.95 on average. 

Keywords: CNN, fabric density, fabric pattern classification, ResNet-50, transfer learning, deep learning 

1. INTRODUCTION

Deep learning is being utilized in a number of artificial intelligence applications, 
such as facial recognition, image processing, natural language processing, and etc. Deep 
learning is a sub-branch of machine learning. The interest in artificial intelligence has 
progressively grown from the beginning of machine learning to the present, leading to the 
development of deep learning architectures, which are currently most widely used artificial 
intelligence algorithms today. It develops intelligent solutions in a variety of sectors, 
including industry, medicine, robotics, image processing, computer vision, object 
identification, sound processing-recognition, translation, future forecasting, and finance. In 
the subject of textile engineering, deep learning may be used in a variety of ways. Fabric 
pattern is visible from the surface view of the fabric and acts as a very important aesthetic 
item. Fabric pattern and thread density (yarns/cm) are determined by textile technologists in 
order to gather information for reverse engineering. The process is done by identifying the 
yarn interlacements pattetn and counting the number of yarns in unit length via a special 
magnifying lens by human effort. The mentioned process is very difficult, prone to mistakes 
and time-consuming. 

 Fabric pattern (texture) identification has received a lot of attention in recent years 
and has made significant progress. Texture-based statistical approaches and database/model-
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based methods are the two most common types of weave pattern identification methods. 
Pre-processed images are commonly used in the texture-based statistical approach. To get 
information on fabric structure from multiple directions, Li et al. [1] presented a technique 
based on photometric differential analysis, utilizing histogram equalization and an adaptive 
wiener filter. Then, to acquire gray-scale characteristics, an adaptive mesh model was 
utilized to split pictures into sub-images. Even though the approach proved effective for 
extracting interlacing points in the weaving structure, the study was confined to just basic 
woven textiles. 

The database/model-based recognition approach identifies and matches weave 
patterns using a recognition or classification algorithm. Backpropagation (BP) neural 
networks were assessed by Kuo et al. [2] and Pan et al. [3–5] for the classification of a pre-
recognized weave pattern stored in a database of weave patterns based on a white-black co-
occurrence matrix. To extract texture characteristics, Kuo and Kao [6] utilized a co-
occurrence matrix and the CIE-Lab color model, followed by a self-organizing map (SOM) 
network to categorize the fabric weave patterns. The recognition accuracy and performance 
of these techniques, on the other hand, were reliant on the database size. Guo et al. [7] 
proposed a local feature similarity (LFS) approach for recognizing weave pattern repeat size 
based on seven weave pattern features. For the identification of woven fabric pattern, Xiao 
et al. [8] applied Transform Invariant Low-rank Textures (TILT) and Histogram of Oriented 
Gradients (HOG), as well as Fuzzy C-means Clustering (FCM) to detect the warp and weft 
cross points. However, these investigations were limited by the inability to recognize 
double-yarn weave patterns, as well as the fabric's significant rotational fluctuations. Khan 
[9] proposed a biologically based approach for recognizing fabric weave and color that was 
resilient even when the yarn color and appearance were altered. Liu et al. [10] developed a 
fabric defect detection approach for complex textures that combined an improved 
convolutional neural network (CNN) with a visualization methodology. They chose to 
explore with a small number of images in a relatively confined setting. 

The woven fabric pattetn recognition has various limitations. The texture features 
extraction during image acquisition was directly impacted by the rotational changes in 
fabric. Image texture may be distorted as a result of poor illumination. Since the deep 
learing architecture is trained by means of a data set that comprise rotated and scalled image 
forms, the restriction of traditional Neural Network (NN) method is overcomed. In this 
study, weave type classification of high-density microfilament woven fabrics was carried 
out depending on the fabric density. In this way, it is very difficult to distinguish the weave 
type of high-density woven fabrics visually. Thanks to the developments in image acquision 
technology and image processing methods, the texture classification of fabrics can be 
estimated more quickly and reliably than visual inspection.  

2. MATERIALS AND METHODS

2.1 Material 
This paper describes a novel approach for recognizing the basic microfiber woven 

fabric patterns (Plain, Twill, and Satin) with different fabric densities from fabric images 
(figure 1). Fabric manufacturing was done with polyester microfilament textured yarns of 
110 dtex with 0.33, 0.57, and 0.76 dtex filament linear densities, as well as standard 
polyester textured yarns of 110 dtex with 1.14 and 3.05 dtex filament linear densities. These 
yarns were used in weft direction. For warp yarn 83 dtex polyester yarns with 1.14 dtex 
filament linear density was used. Three different weave types namely, 1/1 Plain, 3/2 Twill 
and 4/1 Satin were constructed for this study. For every waeve type type four different weft 
sett values were applied considering the weaveability limitations (table 1).  
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Figure 1. Fabric images taken under SEM 

Table 1. Structural properties of sample fabrics 
Weft yarn 
filament 

linear density 
(dtex) 

Weft sett (weft/cm) 

Plain Twill Satin 

0.33 30 41 43 
0.57 30 41 43 
0.76 30 41 43 
1.14 30 41 43 
3.05 30 41 43 
0.33 32 43 45 
0.57 32 43 45 
0.76 32 43 45 
1.14 32 43 45 
3.05 32 43 45 
0.33 34 45 47 
0.57 34 45 47 
0.76 34 45 47 
1.14 34 45 47 
3.05 34 45 47 
0.33 36 47 49 
0.57 36 47 49 
0.76 36 47 49 
1.14 36 47 49 
3.05 36 47 49 

2.2 Convolution Neural Networks-CNN 
A CNN is a type of neural network that is a subset of the neural network. As in a 

normal neural network, a CNN consists of one or more convolutional layers, frequently with 
a subsampling layer, followed by one or more fully connected layers (figure 2). The 
discovery of a visual process in the brain, the visual cortex, inspired the creation of a CNN. 
Many cells in the visual cortex are responsible for detecting light in receptive fields, which 
are tiny, overlapping sub-regions of the visual field. The more sophisticated cells have 
bigger receptive fields, acting as local filters across the input space. A CNN's convolution 
layer mimics the operation of visual cortex cells [11]. Image and pattern identification, 
speech recognition, natural language processing, and video analysis are all domains where 
CNNs are employed. Convolutional neural networks are gaining popularity for a variety of 
reasons. Feature extractors are handcrafted in traditional pattern recognition models. During 

Plain Twill Satin 
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the training phase, the weights of the convolutional layer used for feature extraction and the 
fully connected layer used for classification are calculated in CNNs. A hand-designed 
feature extractor extracts essential information from the input and removes unnecessary 
variabilities in the traditional approach of pattern/image recognition. Following the extractor 
is a trainable classifier, which is a conventional neural network that divides feature vectors 
into classes. Convolution layer’s function plays as feature extractors in CNNs. However, 
they are not handcrafted. Kernel weights for convolution filters are determined during the 
training phase. Because the receptive fields of the hidden layers are restricted to be local, 
convolutional layers are able to extract local characteristics. 

Figure 2. CNN’s block diagram

For implementation, a convolutional neural network (CNN) architecture which is 
capable of effectively extracting image features is considered to be useful. For this aim, 
before training, a total of 480 images were captured from microscope camera and manually 
labelled according to the fabric structure. So, 3 pattern classes were created for each fabric 
type separately. Each fabric classes: plain, twill and satin were divided into 4 subclasses 
regarding to thread density. For this approach, it was decided to use Resnet-50 model which 
is one of the most frequently used architectures as transfer learning. Training of ResNet-50 
architecture was carried out to discriminate plain, satin and twill fabric classes. Captured 
fabric images were applied into ResNet-50 to extract features from the images. The images 
that were categorized into subclasses according to their fabric densities were classified by 
using the same network training.  

In this study, the system consists of image acquisition hardware and pattern 
recognition software. Image Acquisition Toolbox and Deep Learning Toolbox have studied 
in Matlab®.  Total 480 images, 40 image frames for each of the 3 different weave types 
with 4 different thread densities, were compiled for using in CNNs. While training 
networks; 70% of data base is utilized for training and remaining is for (30%) validation. 
The information obtained from the literature, it was observed that the most frequently 
changed parameters during transfer learning applications were “Learning Rate”, “Mini 
Batch Size” and “Number of Epoch”. Meanwhile, many different values were applied for 
these parameters during training network and the best network training result was obtained. 

3. RESULTS AND DISCUSSIONS

The fully connected “fc” (fully connected) that is the last layer in the ResNet-50 
network has been changed to arrange our own data. The parameters selected for the training 
network are; Learning Rate=0.01, Mini Batch Size=32 and Number of Epoch=50. The 
success percentage of the CNN trained with the entered parameters was obtained as 73.61% 
for thread density and weave type (figure 3). 
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Figure 3. ResNet-50 network training chart 

The success statistics of the obtained results from the newly trained networks were 
analysed as a confusion matrix. A confusion matrix, often known as an error matrix, is a 
table arrangement that provides for the display of an algorithm's performance [12]. When 
the results were examined, 7 of the 12 classes in the data set were predicted with 100% 
accuracy (figure 4). Among the remaining classes, the lowest success rate 84.6% was 
obtained. The average success of the CNN algorithm was measured as 0.95. This ratio is 
considered to be a very good result for determining the classes of with high density woven 
fabrics. 

Figure 4. Confusion matrix of weave type classification 
according to thread density 

92



5. CONCLUSIONS

Textile industries attach importance to technologies and developments that will 
provide speed and flexibility in production, reduce costs, improve product quality, and 
improve their functions. The most important contribution of this study is that the weave type 
and fabric density of the textile sample can be detected automatically via using image 
processing and artificial intelligence techniques, by eliminating human error and manual 
tests. The proposed technique outperformed the current research, according to the 
experimental data. When factors like yarn thickness, rotational direction, and uneven 
lighting are taken into account, the model holds up well. When training, the suggested CNN 
model employs less parameters. As a result, the approach is computationally efficient and 
hence has potential in the textile and fashion industries. A tailored deep learning model for 
recognizing and classifying high-density microfilament woven fabrics was suggested in this 
work. The proposed deep learning model is based on residual network (ResNet-50) 
arthitecture. The high-level texture features were extracted and then classified based on the 
tpyes of woven fabric with different thread density.  The performance of trained CNN was 
evaluated via confusion matrix. The accuracy of the CNN was calculated as 0.95. 
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Abstract: Based on the present need for change in the garment industry, multiple solutions for waste reducing 
have been established. It has become common to associate fashion with pollution, and this association has its 
roots in the statistical data that constantly raise red flags regarding the negative impact that our everyday 
textiles have over the planet. The following paper has been developed under the strict rules that the zero waste 
pattern drafting has, keeping in mind the design and product finishing matters. Further possible issues have been 
taken into account whilst defining and shaping the pattern pieces, aiming to obtain a product that is framed by 
proper aesthetics, fit, zero waste drafting technique and quality finishing. The way in which the waste 
management can be kept under control from the pattern drafting step is the key to gaining a sustainable clothing 
item. Apart from the fabric scraps, the time and energy needed for sampling can also be optimized, by using the 
virtual prototyping opportunity. These two crucial elements, combined, led to garments that can last in time. 
The nexus of the garment manufacturing techniques that have increased in popularity lately has been elaborated 
in the following paper, following the process accordingly, shaping into a number of digital clothing items.  The 
method used can be successfully implemented by clothing manufacturers that wish to adopt a healthy and non 
pollutive process. 

Keywords: Consumer’s behaviour; efficient cutting; sewing patterns; sustainability; waste management 

1. INTRODUCTION

Driven by the increasing numbers that point out the negative impact that fashion has 
over the environment, searching for sustainable approaches within production has become the 
main concern of the experts working in the field. So far, the consumers were delighted by 
fashion’s colourful and mesmerizing aesthetics, without acknowledging the harm that’s being 
inflicted on the environment for catwalks and mass production to be possible.  

It has become widely known that the fashion industry is one of the most pollutive 
industries in the world, based on the fabric scraps that end up in the landfill, carbon footprint 
that’s generated by production and water poisoning caused by poor waste management. The 
effects have been publicized enough to catch the public eye and turn consumer’s awareness to 
the disaster that’s happening behind the deceitful splendour of fashion.  

However, apart from acknowledgement, consumers must be informed, encouraged, 
directed and advised in regards of taking proper care of their garments, and thus ensure their 
clothing items can get a growth in longevity. And by doing so, the fast fashion trend will be 
drastically reduced, from the customer’s behalf. By informing the consumers about the 
damage that they unknowingly and unwillingly make may bring their awareness over the 
habitual clothing disposal. By encouraging them, the process will have a much greater rate of 
success. By directing the buyer, one will know and be able to dispose and care for its clothing 
items accordingly. Last but not least, by advising the consumer in regard to the correct 
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methods of caring for its garments leads to a win-win situation: longer lasting clothes 
contribute to diminishing the chaotic disposal, and thus landfill pollution. 

Some producers have also adopted more sustainable methods and kept their mind open 
when implementing the new approaches within the factories. New sustainable fabrics have 
been developed, along with sewing threads and natural dyes, which contribute to decreasing 
the negative impacts of the garment industry over the planet.  

Within the designing sphere, the Zero Waste method started to flourish for the past 
decade. Approaching an ancient manufacturing technique and using creative fabric 
manipulation methods, it has led to a series of solutions that reduce the fabric scraps, in most 
cases, completely [1]. 

This new way of approaching the pattern drafting has been introduced within the 21st 
century [2], but it dates back in the ancient times, if we were to consider the traditional 
Kimono – for manufacturing this type of clothing, a rectangular fabric was needed, using it 
completely and thus, avoiding fabric waste. 

Moreover, virtual prototyping software have been developed and launched for use in 
the past years. These programs aim to assist in sustainable methods, by displaying the final 
product on the screen. This enables to have a better view of the fitting, pattern accuracy or 
fabric drape, without having the physical sample manufactured. Important resources such as 
time and energy are reduced when digitally assembling a clothing item.  

This study has been made by analysing the information gathered, a series of testing 
and simulating the final virtual prototypes developed along the process. 

2. MATERIALS AND METHODS

2.1 Materials 
For the present paper, digital resources have been mostly used to display the 

consumer’s perception of what is known as sustainable fashion, its behaviour regarding 
garment disposal, as well as testing the pattern drafting method and simulating the end result 
within the 3D space.  

Consumers have been addressed by an online survey, which contained a series of key 
questions, meant to bring to light the consumer’s way of thinking and awareness regarding 
everyday life textiles. 

The patterns have been drafted using the dedicated software Gemini Pattern Editor and 
garments were simulated by using the CLO 3D virtual fashion software.  

The paper has been developed as a result of researching the already existing 
techniques, analysing the results and spotting the downsides of each experimentation. 
Theoretical information has been collected from studying current literature, complemented by 
notes gathered from personal practice. 

2.2 Methods 

2.2.1. Analysing the consumer’s behaviour 
When asked, a number of participants have claimed that they have heard of 

sustainability within the fashion field. More than a half of them are somewhat familiar to the 
term, which gives a clue regarding the consumer’s information. However, despite being 
informed, most of them do not hold the proper knowledge of what does sustainability stand 
for. 

The following question gave much clearer information regarding the comprehension 
of this term: most of them associated sustainable clothing items to high prices. This stands for 
the fact that quality and price are reliable. Most consumers aim to purchase good quality items 
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on lower prices, and that’s because they are not informed regarding the costs of 
manufacturing and producing the fabric, the thread and the garment itself, which also includes 
labour and shipping. This conclusion stands from the following simple analysis: 60% of the 
consumers have heard of “sustainability” before, but only 47% of them knew what it stands 
for. Thus, a quantum of 13% of them is not properly informed nor do they hold the correct 
pieces of information regarding this matter.  

 The participants have been asked about the way they dispose of their unwanted 
garments. This question is meant to offer a clear image of their behaviour. Over 50% of them 
hand their clothing to others in need, by donating them to charity or younger family members, 
friends, acquaintances (figure 1). This gives a clue regarding the way the consumer cares for 
its garments, assuming that their donated items are still in good condition. This way of 
disposing seems more comfortable and efficient, but only when it comes to a certain category 
of garment. Ideally, the clothes that are worn out, torn or have any sort of damage should be 
disposed at local collecting bins that specialize in sorting and recycling. However, 
unfortunately that’s not the case, since 5% of the consumers questioned have claimed that they 
simply throw away their unwanted clothing. This highlights the poor level of information, 
education of the consumers, as well as the poor fabric waste management.  

Figure 1. Data collected from the consumer regarding their clothing disposal habits 

2.1.2. Drafting the Zero Waste patterns 
This Zero Waste pattern drafting method consists of altering the pattern shapes of an 

already existing pattern set. Thus, there’s been a transition from a regular fit to a looser fit. 
This method approaches in a different way the Zero Waste pattern drafting: rather than starting 
from a simple rectangle that would represent the lay plan, the patterns have been amended in 
order to fit within and form a lay plan [3]. The pieces have been modified and reshaped, 
starting from a classic form and obtaining a geometrical configuration. This procedure allowed 
the direct and evident observations of the differences between classic and zero waste patterns, 
based on fabric consumption, lay plan efficiency and body fit. Moreover, the final design of 
each style has been established during the process, in accordance to the pieces’ permeability. 
The process consists in a series of consecutive systematic steps, that can’t be skipped nor 
replaced. 
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Simplifying the pattern’s geometry consisted in reducing the French curves as much as 
possible, keeping in mind the intention of creating a clothing item that’s more than a square 
and less than a typical garment piece. In some cases, the already existing curves have been 
kept in order to serve to a better pattern interpolation and were used as joining edges for other 
pattern pieces that were further used for practical or aesthetic purposes.  

The most crucial step was to define the seam allowances value – pattern nesting is 
highly influenced by the cutting perimeter. A method studied has revealed the solution of 
using variable values for seam allowances [4]. However, given the poor aesthetic on the inside 
of the garment resulted by using such technique, this doesn’t stand for unlined garments. 
Moreover, the sewing technology is being limited to a simple stitch, with possible serged 
edges. Considering these possible results, all seam allowances that were to be assembled have 
been defined with constant values.  

It’s important to mention the fact that in order to avoid having an exaggerated fit, 
some garments designed have been modelled on the important areas of the body (for example, 
on the waistline) by using rows of elastic thread. This solution also allowed for the specific 
pattern pieces to be as wide as it needed to fit and match for an efficient lay plan, 
acknowledging that they will shape the body by later on. Other shape manipulation techniques 
have been used, such as pleats on the shoulder line, elasticated cuffs and shirring rows sewn 
on the waistline, as shown in the figure 2. 

Figure 2. Example of an accurate fitting obtained by using shape manipulation solutions: 
pleats on the shoulder line, to maintain a regular shoulder length and shape, elastic thread 

close the sleeve hem, for aesthetic and practical purposes and elastic threads on the 
waistline 

3. RESULTS AND DISCUSSIONS

This Zero Waste pattern drafting method has been applied to several clothing items, 
adapted to the garment’s functionality and design. Given the example of a woollen coat, the 
classic basic patterns have been drafted from scratch. The geometrical patterns have been 
further developed, in order to gain the required jigsaw placement, and thus result in two 
different, yet similar pattern sets which have been used for further analysis. The final shapes 
are shown in figures 3 and 4. 
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Figure 3. Basic patterns for the classic woollen coat 

Figure 4. Zero waste patterns for the woollen coat 

Once the patterns were defined for both cuts, the next step was to generate individual 
lay plans, and thus gather the first pieces of information that highlighted the differences in 
fabric consumption and nesting efficiency. The values obtained have been summed in the 
table 1. 
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Table 1. Differences between two types of patterns for the same clothing item 

Woolen Coat 
Classic cut 

efficiency [%] 
Zero waste cut 
efficiency [%] 

Classic cut fabric 
rating [m] 

Zero waste cut 
fabric rating [m] 

68.05 95.2 2.7 1.75 

Analysing these results brings a clear insight regarding how much the fabric waste can 
be reduced when approaching different drafting methods.  

By examining the efficiency values, it is clear to see that the overall fabric 
consumption when using zero waste patterns increased by 71,4%, which signifies that the 
pattern pieces have been joined and placed together with little space between them.  

In the same time, the fabric consumption has decreased by 64.8%, meaning that it 
takes less fabric to cut the zero waste patterns, hence their jigsaw placement. It’s important to 
mention that both pattern sets have been nested on the same fabric width, figures 5 and 6.  

Figure 5. Lay plan for the classic coat patterns 

Figure 6. Lay plan for the zero waste coat patterns 
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Once the data have been collected, the second part of the process was approached: 
aesthetics. The garment has been digitally assembled, fitted and finished by using the virtual 
prototyping software. The avatar’s measurements correspond to the Alvanon size 36 EU. The 
patterns have been drafted for size S (36 EU).   

Figure 7. Simulated virtual sample for the woollen coat: classic fit to the left and zero waste 
fit to the right 

5. CONCLUSIONS

It takes both creativity and know-how to develop zero waste pattern sets for almost 
any type of garment item. Apart from establishing the final design during the pattern drafting 
process, the finishing and manufacturing technology must also be kept in mind. Each step is 
framed into a series of future possibilities; therefore, the technological and design matters are 
co-dependent and complementing each other. 

The results haven’t been regarded as virtual prototypes, but as real physical samples 
that can be worn, and thus must have clean finishing and true practical purposes, above all. 
Edges finishing, assembling and hem edges – all of these matters have been taken into 
account during the drafting process and whilst defining the seam allowances. 

Applying this method has proven to be an efficient solution for reducing fabric waste 
and, also, designing unique clothing that hold the possibility to refresh the fashion market 
across the world.  
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Abstract: Composites are materials formed by the combination of two or more components that acquire better 
properties than the ones obtained by each component on its own. Composites have been widely used in the 
industry due to its light weight and good mechanical properties. To improve these properties several layers of 
reinforced material (e.g., carbon fibre) are overlapped which produce an increase in the fibre consumption. In 
this sense Tailored Fibre Placement (TFP) embroidery can offer good opportunity to reduce the consumption 
of reinforced fibre while improving the mechanical properties due to the alignment of the fibres in the effort 
direction. This study analyzes the performance of carbon fibre reinforced composites with Polyester resin 
made with TFP embroidery technology against flexural strength efforts and without using plain woven fabrics 
to demonstrate that the use of reinforcement fabrics in composites can be optimized by a curved alignment of 
the fibers. Two different structures were embroidered with TFP technology, one simulating a woven fabric 
with straight unidirectional alignment of fibres in horizontal and vertical direction, and a second structure 
made with curvilinear alignment of carbon fibers. After the study of the flexural mechanical properties an 
improvement of 18% was obtained in maximum flexural strength.        

Keywords: composites, embroidery, resin transfer moulding, tailored fibre placement, textile 

1. INTRODUCTION

Composites have been used from centuries ago when first humans combined mud 
and straw to make adobe bricks that were used in the construction of houses. It was not until 
the twentieth century, when the first polymeric composite materials appeared that began to 
be used in automotive and aeronautical applications. Over the years, the use of these 
composite materials has become widespread, as they allow, with equal volume and lower 
density, to obtain lighter pieces with similar characteristics and in some cases with better 
mechanical properties than with other materials such as steel. 

Glass and carbon fibers are generally the most widely used reinforment fibres used 
in the composites industry due to their high strength/weight ratio [1]. In general, they 
include high tensile strength, good compressive strength, high tensile modulus, low density, 
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good thermal resistance, low thermal expansion, good electrical and thermal conductivity, 
and chemical resistance [2,3]. 

Composites reinforced with textile fibres are used in the industry due to its good 
properties of high strength and light weight [4]. Textile reinforcement fibers are aligned in 
one single direction, for this reason it is needed to combine different layers of textile fibers 
aligned in different directions to improve the isotropy of the composite material and its 
strength in the desired directions. This reinforcement textiles are limited in terms of fiber 
alignment due to the plain weaving technology used and the only possibility to vary the 
orientation and alignment of the fibers is using axial fabrics which allow to place the fiber in 
different angles, but all of them unidirectional in straight line, without any curve [5,6].   

To obtain composites with good mechanical properties it is necessary to combine 
and overlap different layers of reinforcement fibers in different directions. This overlapping 
increases the time for processing the composite and it depends on the know-how and 
experience of the worker to place the fiber and reinforcement fabric all over the surface of 
the mould. This is a critical process as composites have better properties in the direction in 
which the reinforcement fabrics are aligned [7]. In this sense, Tailored Fiber Placement 
technology (TFP) allows the placement of the reinforcement fibers that permit to produce 
composites with a variable axial geometry, obtaining laminar structures with fibers aligned 
in multiple directions to increase the mechanical performance [8]. Tailored Fiber Placement 
technology is capable of manufacturing embroidered textiles with a variable axial fiber 
pattern by using adapted embroidery machines. This presents a novel concept for the 
simulation and optimization of curvilinear fiber-reinforced composites, where the novelty is 
based on the local optimization of both the fiber angle and the intrinsic thickness 
accumulation concomitantly. This is also known as Direct Fiber Path Optimization (DFPO) 
which is based on Tailored Fibre Placement. The key results show a clear improvement 
compared to the current frequently used approach where principal stress trajectories are 
applied for a variable axial reinforcement pattern [9]. This article confirms that in the case 
of structural parts that do not suffer tension stresses with conventional main trajectories (eg. 
tensile stress at 90º), it is necessary to arrange the reinforcing fibers in curvilinear 
trajectories (variable axial) in order to improve their mechanical properties. 

2. OBJECTIVES

TFP embroidery technology can place the reinforcement fibres in the location where 
material is going to suffer more efforts and can adapt to the shape of the final object. In 
contrast, in the traditional composites manufacturing, the excess of fibre must be manually 
cut to adapt it to the shape of the desired object. This traditional manufacturing process is 
not very efficient in terms of fibre consumption and amount on manual tasks as it cannot be 
automated.   

This study has the objective to evaluate the performance against flexural strength 
efforts of carbon fiber reinforced composites using TFP technology and without using plain 
woven fabrics and to demonstrate that the consumtion of reinforcement fabrics (carbon, 
glass fibers, etc.) can be optimized by a curved alignment of fibers. Two textile structures 
were embroidered with TFP technology. First structure named as S-TFP (Straight TFP), 
simulating a woven fabric combining carbon fibers with straight unidirectional alignment in 
horizontal and vertical direction. The second structure named as C-TFP (Curvilinear TFP), 
was made with curvilinear alignment of carbon fibers, replacing the straight unidirectional 
fibers in horizontal direction (weft direction) by curvilinear fibers (figure 1). 
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3. MATERIALS AND METHODS

3.1 Materials 
The carbon fiber used to develop the composites was 880TEX continuous 12K 

multifilament, embroidered on a 0.25 mm thick 30 g/m2 polypropylene (PP) non-woven 
substrate. The resulting S-TFP embroidered textile had a weight of 646.79 g/m2 and the C-
TFP 524.15 g/m2.  

As matrix of the composite, a polyester (PES) resin DCPD (DiCicloPentadiene 
Resin) was used, to avoid contact with VOC (volatile organic compounds).  

Vacuum-assisted RTM (Resin Transfer Moulding) equipment and the embroidery 
machine of the manufacturer ZSK were used for the formation of the composite. To cut the 
samples according to UNE-EN ISO 527-1:2019 a CNC machine (Control Computerized 
Numeric).  

Finally, for the flexural strength test, the universal testing machine was used. For the 
flexural tests, the samples had a section of 10 x 1.2 mm. 

3.2 Composites manufacturing process 
First step consisted of embroider the carbon fibre on the PP substrate according to 

the designs defined S-TFP and C-TFP (figure 1). Once the fibre is embroiderd, it is 
necessary to cut the excess of PP substrate to introduce the embroidered textile in the mould 
to proceed with the injection of the PES resin (figure 2).  

Figure 1. Designs S-TFP (left side) and C-TFP (right side); weft direction in red colour 
and warp direction in blue colour 

Then, when the resin is injected, obtenaining the final composite with the shape of 
the mould, in this case of study a square shape. Later, it is necessary to cut the samples 
according to the standard UNE-EN ISO 178:2020 for flexural effort with the 200 W Mini 
CNC 3040 machine (figure 3). 
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Figure 2. Non-woven PP substrate with embroidered carbon fibre in the RTM machine 

Figure 3. Samples cutting process with a mini CNC machine 

3.3 Testing process 
For the characterization of flexural effort, it was used the Universal Testing Machine 

(IBERTEST ELIB-50-W) to evaluate the samples. Due to the characteristics of the materials 
and the size of the samples, the 50 kN cell was selected and a distance between supports of 
60 mm was set (figure 4). 

3. RESULTS AND DISCUSSIONS

The obtained results where very promising as important improvements are observed 
in C-TFP even using less amount of reinforcement carbon fibre. In this case, C-TFP weights 
122.64 g/m2 less than S-TFP which is a reduction of a 19% of fibre consumption.    

In table 1, it is observed that curvilinear designs like C-TFP improve flexural 
properties, increasing the maximum flexural strength till 105 MPa against the 89 MPa 
obtained by the S-TFP, which represents an improvement of 18%. In terms of elasticity, the 
Young Module also increases when using curvilinear fibres. In this case of study, 
curvilinear samples (C-TFP) obtained a Young Module of 3.234 MPa in contrast with the 
2.352MPa obtained by the S-TFP that does not use curvilinear fibres. This means that the C-
TFP is more elastic and more resistant than the S-TFP as the Young Module and the 
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Felxural maximum Strength are higher. This improvement represents an increase of 37% in 
the Young Module for the C-TFP. 

Figure 4. Universal Testing Machine used for flexural tests 

Table 1. Flexural test results 

Sample 
S-TFP C-TFP 

Young Module 
(MPa) 

Max. Strength  
(MPa) 

Young Module 
(MPa) 

Max. Strength 
(MPa) 

1 2.488 93 3.405 108 
2 2.333 85 3.420 105 
3 2.234 89 2.876 102 

Average 2.352 + 128 89 + 4 3.234 + 310 105 + 3 

It is observed in the results showed in table 1 that samples with curvilinear 
alignment of fibres (C-TFP) improves the flexural strength properties. 

One of the reasons which can explain this improvement of flexural properties 
with less amount of reinforcement fibre is the phenomenom of efforts decomposition in 
normal forces (figure 5). 

When a generic effort called “F” is applied in warp direction a rensponse is 
generated in the same direction but in the oposite sense. In the case of the S-TFP the 
response obtained in the weft direction is 0 as do not offers opposition or resistance.  

𝐹𝐹 = 𝐹𝐹2 + 𝐹𝐹3 = 𝐹𝐹2 + 0 = 𝐹𝐹2 (1) 

However, in the case of C-TFP the effort applied in the curved fibres is decompose 
into normal forces improving the behaviour of the composite against an effort “F”.  

𝐹𝐹 = 𝐹𝐹2 + 𝐹𝐹1𝑦𝑦 = 𝐹𝐹2 + 𝐹𝐹1 · 𝑠𝑠𝑠𝑠𝑠𝑠(𝛼𝛼) (2) 

This is the reason why composites reinforced with curved fibre aligment offers a 
better response againts flexural efforts even using less percentage of reinforcement fibre.  
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Figure 5. Schema of effort decomposition; on the left S-TFP and on the right 
image C-TFP 

5. CONCLUSIONS

 Composites with straight axial fibre placement like S-TFP have a good behaviour 
and good mechanical properties when the stress goes in the same direction than the 
fibre. In contrast, they obtain bad results when the stress is applied in a different 
direction (e.g., perpendicular) to the fibre. On the other hand, composites with aligned 
curvilinear fibres obtain better results due to the superposition of forces (F2+F1y) and 
the phenomenon of loads decomposition into normal components (vertical and 
horizontal) as described in figure 5 and equation 2 along the fibres and interface of the 
resin matrix. This decomposition of efforts explains why the maximum flexural strength 
is higher in C-TFP than in S-TFP, since the added forces in C-TFP are greater than the 
force supported by S-TFP. 

 In this case of study, it is obtained an improvement of 18% of flexural maximum 
strength, using the same amount of fibre in both composites or even less fibre like in C-
TFP and without increasing the costs. This increase of 18% can be considered very 
interesting in some industrial sectors and for high technique and added value 
applications like in automotive or aerospace industry. In this sense, C-TFP is less rigid 
than sample S-TFP and has a more elastic behaviour. 

 Also, for some specific applications not only strength but also elasticity is a very 
important factor to be considered due to its implications in aerodynamics. In this sense, 
curved oriented fibres has lot of potential as can improve both, elasticity and strength.   

Nowadays this new and promising research line is researching new textile 
structures made with Tailored Fibre Placement technology with the objective to obtain 
composites with better mechanical properties.  
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Abstract: Nanotechnology has evolved in the last years and nowadays there are many technologies related with 
the development of nanoparticles (NPs) or nanofibers (NFs). Due to the wide variety of polymers and diverse 
applications, filtration, medicine, cosmetic, etc., the study of those NFs is still of interest nowadays. In this work 
the NFs net created from electrospinning is used as a coating for fabrics. The aim of this work is to demonstrate 
how fibres are placed on the fabrics and if there is a tendency or they are located randomly. Two different fabrics 
were used a 100 % cotton plain 115g/m2 and a 100% polyamide knitting fabric 60 g/m2. A PVA solution (9% 
w/v) was used to create NFs which were placed on the fabrics. This solution was prepared by heating water at 
80º C till complete solution of the polymer. Electrospinning was designed for a vertical collector with 15 cm 
distance from the needle. The flow rate was 0,5 mL/h with 15 or 20 kV for 15 minutes. Results evidenced the 
tendency of NFs net to be located on the fibres and consequently we could conclude the fabric is designing the 
position where the fibres would be placed. Furthermore, we could demonstrate that the presence of a fabric with 
reduced density implies deposition of NFs on both the fabric and the collector. 

Keywords: electrospinning, located, nanofiber, substrate 

1. INTRODUCTION

Nanotechnology has evolved in the last years and nowadays there are many 
technologies related with the development of nanoparticles (NPs) or with nanofibers (NFs). 
There is a wide field of application for NFs nets, they can be used for filtration [1,2], 
biomedicine [3-5] or even for protection against COVID-19 [6-8]. 

NFs net can be made of different polymers such as polypropylene (PP) [9], polyamide 
(PA) [10], polyvinyl alcohol (PVA) [11], Polylactic acid (PLA) [12], etc. 

Electrospinning is a technique based on the use of electrical forces to produce 
polymeric fibres of small diameter, comprised in a range that varies from micrometres (10-
100 μm) to nanometres (10 x 10-3 - 100 x 10-3 μm), and with a high specific area, in a relatively 
simple and inexpensive way [13]. 

The technique consists of the application of a high electrostatic field between a 
polymeric solution and a collecting surface. The positive pole is attached to an injection 
system, in this case the needle (metallic capillar) and the negative pole to a metallic plate or 
collector (connected to ground) which is generally between 5 cm and 30 cm away from the 
metallic capillar [13-14].  On the collector the nanometric fibres are deposited, forming a 
fabric (nonwoven) with a characteristic texture, density and color [14]. 

The liquid drop remains attached to the tip of the capillar thanks to the surface tension 
until the repulsion is greater and causes a force in the opposite direction to the contraction of 
the drop. As a consequence of this application, an electrified meniscus known as the Taylor 
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Cone is formed, it is due to polarization and charge, causing a transverse and a normal force. 
As the cone accelerates the elongation process, it reaches a point where the tangential and 
normal components are equal, at this time the cone solidifies creating fibres and depositing 
them on the collector plate [13-14]. 

Some parameters affect electrospinning, they can be classified into three groups: 
dissolution parameters (polymer solution), process parameters and environment parameters. 
All of them influence the morphology and properties of the fibres [13-14]. 

1.1 Solution properties 
• Concentration: it is one of the most determining parameters in the size and

morphology of the fibres. Concentration affects both viscosity and surface tension. If the 
concentration is considerably high, apart from making it difficult for the solution to pass 
through the capillary, the diameter of the fibre may increase. On the other hand, if there is a 
low concentration of polymer, the solution will be so liquid that the drops will break before 
reaching the collecting plate due to the effect of surface tension [13-14]. 

• Molecular weight: The molecular weight of the polymer has a significant effect on
rheology and electrical properties such as viscosity, surface tension, conductivity, and 
dielectric strength. It has been observed that low molecular weight solutions tend to form 
beads rather than fibres, and a high molecular weight one tends to form fibres with large 
diameters. The molecular weight also influences the number of polymer chain entanglements 
in a solution, therefore, the viscosity and entanglement of the chain play an important role in 
the electrospinning process [14-15]. 

• Viscosity: As it is also named in the concentration, the viscosity plays a very
important role in electrospinning, when the viscosity is very low there will not be a continuous 
formation of fibre, the drops will break before reaching the collector. On the other hand, when 
the viscosity is relatively high, the polymer could present difficulties in its passage through 
the capillary [13-15]. 

• Surface tension: The surface tension will depend on the polymer and the solvent
used. It has a relevant role in obtaining fibres without the presence of beads. The surface 
tension determines the upper and lower limits of the electric field, if all other variables are 
kept constant [14]. 

• Conductivity: The conductivity of the solution is determined by the type of polymer,
the solvent used, and the availability of ionizable salts [14]. Solutions with high conductivity 
will have greater capacity to carry charges than those with low conductivity. The addition of 
salts to the solution increases the conductivity and therefore the electrical force for stretching 
the jet, which means obtaining fibres with a smaller diameter [13]. The lack or low electrical 
conductivity of the solution causes the elongation of the jet by the electrical force to be 
insufficient, and therefore, prevents the production of uniform fibres. 

• Dielectric effect of the solvent: The solvent performs two jobs within the
electrospinning process; first, it dissolves the polymer molecules to form the electrically 
charged jet, and second, it carries the dissolved polymer molecules to the collector [13]. 

Because of this, generally a solution with good dielectric properties reduces the bead 
formation and also the diameter of the resulting fibres. 

1.2 Process parameters 
They are the parameters that can be modified during the process. These are parameters 

that can be easily manipulated directly from the displays of the machine that we use. 
• Voltage (applied voltage): Voltage is one of the most fundamental parameters, since

only after reaching the threshold voltage does the formation of fibres occur [14]. It has been 
shown that when applying higher stress values, a greater stretching of the solution is allowed 
since the electrostatic repulsive force (Culomb force) increases, causing a reduction in the 
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diameter of the fibres. Also increasing the voltage favours the rapid evaporation of the solvent. 
On the other hand, increasing the voltage is directly related with increasing the probability of 
obtaining fibres with defects (beads) [13-14]. 

• Flow: The flow or outlet flow is also an important parameter of the process. A lower
flow rate would be desirable as it gives the solvent more time to evaporate, thus preventing 
the formation of defects in the fibre. On the other hand, when the outflow increases there is 
an increase in the diameter of the fibres and in the size of the defects. The minimum flow rate 
to achieve a stable Taylor cone is the one that should be maintained to avoid fibre defects and 
allow the solvent to evaporate [13-14].  

• Needle-collector distance: A minimum distance is required between the needle and
the collector; this is the minimum distance that must be given to the fibre to allow the solvent 
to evaporate. On the other hand, over very long distances, the fibres can break under their own 
weight or bead formation. 

1.3 Room parameters 
• Temperature: Temperature can decrease the evaporation time of the solvent. In

addition, there is a direct relationship between temperature and viscosity, the higher the 
temperature, the lower the viscosity. The decrease in viscosity, as it was explained previously, 
can cause a decrease in the diameter of the fibre [13-14]. 

• Humidity: High humidity in the environment can cause small pores on the surface of
the fibres due to the condensed water deposited on them as they go from the needle to the 
collector, having an influence on the morphology of the fibres, especially when working with 
volatile solvents [13]. On the other hand, a low humidity rate can cause the solvent to 
evaporate very quickly, causing that in some cases the process must be carried out in the 
shortest possible time in order to prevent the solution is dried at the tip of the needle 
obstructing it [14]. 

Due to the wide variety of polymers and diverse applications the study of those NFs 
is still of interest nowadays. In this work the NFs is used as a coating of fabrics. The aim of 
this work is to demonstrate how PVA NFs are placed on the fabrics surface and if there is a 
tendency created by the geometry of the collector surface, or they are located randomly 
despite the surface roughness on the collector. Table 1 summarizes the most important 
parameters with influence on NFs. 

Table 1. Summary of parameters influence on NFs. 
PARAMETER Tendency Behaviour 

Solution parameters 

Concentration Increase Difficult for the solution to pass through the capillary 
Decrease Drops before reaching the collector 

Molecular weight Increase Difficult for the solution to pass through the capillary 
Decrease Drops before reaching the collector 

Viscosity Increase Difficult for the solution to pass through the capillary 
Decrease Drops before reaching the collector 

Surface tension Increase No beads in NFs 
Decrease Beads presence in NFs 

Conductivity 
Increase Reduction in fibres diameter 

Decrease Electrostatic forces derive into jet enlargement and it 
is not possible to obtain NFs 

Process parameters 

Voltage Increase Thick fibres, jet distosion, beds presence 
Decrease Solution does not reach the collector 

Flow rate 
Increase Thicker fibres, higher size for beds. 

Decrease Solvent evaporation takes longer, homogeneous 
fibres. 

Increase Broken fibres due to its weight. 
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Needle-collector 
distance 

Higher enlargement of the solution. 
Thinner fibres 

Decrease Not enough time for solvent evaporation, wet fibres 
reach the collector. 

Environment parameters 

Temperature 
Increase Solvent evaporates too quickly and dry polymer 

appears in the needle.  

Decrease Solvent does not evaporate. Difficult for the solution 
to pass through the capillary 

Humidity 
Increase Solvent does not evaporate properly. Porous NFs 

Decrease Fast evaporation of solvent. Dry polymer appears in 
the needle. 

2. MATERIALS AND METHODS

2.1 Materials 
A Nanospider system supplied by Bioinicia was used to produce the nanofibers. 

Nanofibers were made of Polyvinyl alcohol (PVA) Mw 61000 g/mol, supplied by Sigma-
Aldrich. Solutions were prepared with distilled water. 

The collector of the Nanospider system was covered by different fabrics. One of the 
fabrics was a plain fabric 100% cotton, 115 g/m2. The other one was a 100% polyamide 
knitting fabric 60 g/m2. 

2.2 Methods 
Nanofibers were electro spun form polymer solution containing 9% w/v which was 

prepared with PVA an distilled water at 80º C until complete solution. The electrospinning 
process was conducted with the same Nozzle-collector distance (15 cm) The collector was 
placed vertically. Identical flow rate (0.5 ml/h) was used but different Voltage (12, 15 or 20 
kV) for 15 minutes. 

Scanning Electron Microscopy (SEM) was used to observe the fabrics surface and the 
NFs formation. FIB microscope from Zeiss was used as a Scanning Electron Microscopy 
(SEM) to analyse the fabrics´ surface at 1.5 kV and a suitable magnification. Samples were 
previously sputtered with a gold/platinum coating.  

3. RESULTS AND DISCUSSION

As it has been explained in the introduction section the nanofibers are placed on a 
collector. In this study we covered the collector system with two different fabrics, a weave 
with a plain rapport, and a Knitting one with low density. The elctrospun fibres were placed 
on different fabrics a plain wave or a knitting one. Initially the voltage should be adapted in 
order to avoid the presence of beads on the NFs. Figure 1a shows the presence of polymer on 
the cotton fibres without NFs formation when the voltage is 12 kV. Polyamide fabric (60 
g/m2) worked perfectly with 15 kV but cotton due to its higher density (115 g/m2) interfered 
on the voltage at the collector and 15 kV produced NFs but plenty of beads (figure 1b), and 
consequently it should be increased up to 20 kV (figure 1, c). 

Figure 2 shows the microscopy images where it can be appreciated the coating of PVA 
nanofibers regularly placed on the surface of cotton fibres and with no beds. Results evidenced 
that the nanofibers were placed on the fabric acting as a nanospider net coating the fabric, 
which was also demonstrated by some authors [11]. This web of NFs is placed on the collector 
or on the fabric when the fabric is covering the collector. 
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a 

b                                                                c 
Figure 1. PVA nanofibers coating cotton fibres at different voltage: a - 12 kV; 

b - 15 kV; c - 20 kV 

Figure 2. PVA nanofibers coating cotton fibres 

When we compare the behaviour of the coating regarding the two fabrics, we can 
observe (figure 3) the nanofibers are placed basically on the fabric fibres, and we can clearly 
observe there are no nanofibers on the space between yarns. There was an evident difference 
in density between fabrics 115 g/m2 for the weave one and 60 g/m2 for the knitted one. This 
implies the space between yarns (holes) is considerably bigger for the knitted fabric. 
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a     b 
Figure 3. PVA nanofibers coating fabrics: a - plain fabric; b - knitted fabric 

Nanofibers width is measured and results reveal there is a similar value obtained for 
nanofibers deposited on both fabrics, 128 nm for the weaving and 114 nm for the knitting. As 
the NFs are deposited on the fibres, it is clearly observed there is a higher presence of the 
nonwoven on the weave than on the knitted fabric due to the higher number of fibres. This is 
not due to the fabric technology used, weaving or knitting structure it is due to the presence 
of yarns. Weaving or knitting will only influence on the paths created by the nanofibers. 

Figure 4 shows the appearance of the collector once the knitting fabric was removed. 
It is clearly appreciated a spotted surface. The spots observed can be attributed to the 
nanofibers which were not placed on the knitting fabric as there was a small holes or spaces 
between yarns. 

Figure 4. Spotted collector once the knitted fabric is removed from collector 

It has been demonstrated there is a clear tendency of NFs to be deposited on the fibres 
from the fabrics. Figure 3 evidences the grid formed by the NFs net on the plain fabric created. 
Furthermore, the results showed it is possible to create a micronets on the collector when the 
fabric shows reduced density of yarns, as the NFs pass through the fabric pores. 

 4. CONCLUSION
The observation of fabric surface at low enlargement, once nanofibers coating was 

placed on the fabric´s surface evidenced the effect that the substrate has on the deposition of 
nanofibers onto the fabric. Despite being the collector the one which attracts the polymer we 
have demonstrated that there is a preference for nanofibers to be placed on the yarns of the 
fabrics, and not only on the collector. Thus, when the density of yarns is not too high the 
nanofibers are placed both on the collector and on the fabric fibres.  

This behaviour allows to conclude that a suitable design with a specific raport can deal 
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into a selective coating of nanofibers which can be used for different applications such as 
selective filtration, electric conductivity circuits, etc., or even to create specific NFs nets with 
concrete shapes throughout the pores of a fabric.  
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Abstract: High performance fire retardant textiles are utilized in different end-use areas such as workwear, 
firefighter garments, military textiles etc. These textiles are produced to protect the wearer against harsh 
environmental/occupational hazards and to bear forces during occupation. In the literature, fire-retardancy and 
mechanical performance of high performance fire retardant textiles are searched in details. Nevertheless, in 
most of these studies, samples were in the form of fibres or fabrics. When the fabrics are cut and sewn together 
to form a textile article, their mechanical properties change along the seam lines. In spite of this fact, seam 
properties of high performance fire retardant fabrics were not studied in the literature, systematically. 
Therefore, in this study, some seam properties of high performance fire retardant fabrics were studied as a 
preliminary work in this subject. According to results, seam strength of all samples were considerably lower 
when compared to strength of non-sewn reference samples. Strength differences were detected between the 
samples sewn with meta–aramid sewing yarn and para-aramid sewing yarn. Seam elongation and seam slippage 
values were similar for both sewing yarn types. 

Keywords: aramid fabric, aramid sewing yarn, seam strength, seam slippage, elongation 

1. INTRODUCTION

Protective garments can be defined as technical textile products those are produced 
to protect the wearer against various threats and harsh environmental conditions [1,2]. 
Fire retardant garments are an important branch of protective garments. Fire retardant 
textiles are used in several end-use areas such as firefighter garments, industrial protective 
garments, military textiles and curtains/upholsteries for public places [3-6]. 

There are several studies about fire retardant fibres and fabrics, in the literature [7-
26]. These studies have importance but they are not sufficient to evaluate the total 
protective performance of the garment. Because, fabrics are cut and sewn together to 
produce 3-D garments. Continuity of fabric structure deteriorates along the seam-lines. 
The amount of weak points and sewing induced risks increase as the amount of seams 
increase in the garment. If the seams break during usage, the unity of the garment disrupts 
and body or lower layers are exposed to flame or high heat. Therefore, evaluating the 
sewing yarns and seam lines are of great importance for the researches in fire retardant 
textiles. Despite the fact that there are a plenty of researches on fire retardancy of fibres 
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and fabrics, there is no systematical research on the seam performance of fire-retardant 
textiles. 

The main goal of this study was to determine the seam strength changes of fire 
retardant textiles stitched with aramid sewing yarns, as a complementary work to the 
literature. 

2. MATERIALS AND METHODS

Aramid sewing yarns with 2 types of raw materials were used for this study. In 
addition, 3 types of fire retardant fabrics were utilized. Properties of sewing yarns and 
fabrics are given in table 1. Tensile strength and breaking elongation of sewing yarns were 
determined according to TS EN ISO 2062 [27] standard, utilizing Instron 5969 Model 
Universal Test Machine. 

Table 1. Materials of the study 
Yarn/ 
Fabric 
code 

Raw 
Material 

Material 
type 

Yarn 
density 

(tex) 

Twist 
(tpm) 

Tensile 
strength 

(cN) 

Breaking 
elongation 

(%) 
Weave 

Unit 
mass 

(g/m2) 

Weft 
density 

(yarns/cm) 

Warp 
density 

(yarns/cm) 

P 100 % 
para-aramid 

3-ply 
sewing 

yarn 
40 530 2852 4.7 - - - - 

M 100 % 
meta-aramid 

3-ply 
sewing 

yarn 
55 510 1490 22.4 - - - - 

FR1 

93% meta-
aramid 

5% para-
aramid 

2% antistatic 
yarn 

Fabric - - - - 
2/1 

twill 200 26 30 

FR2 

75% meta-
aramid 

23% para-
aramid 

2% antistatic 
yarn 

Fabric - - - - 
2/1 

twill 195 24 30 

FR3 

49% meta-
aramid 

50% viscose 
FR 

1% antistatic 
yarn 

Fabric - - - - 2/1 
twill 220 18 38 

Samples were prepared by sewing FR1, FR2 and FR3 fabrics with lock stitch. 
Stitch density was 3 stitches/cm and seam allowance was 8 mm, for all samples. Tests 
were repeated 5 times for warp and weft samples of each sample type. 

Seam strengths and elongations of samples were determined according to TS EN 
ISO 13935-2 standard [28], by using an Instron 5969 Model Universal Test Machine. The 
gauge length was 100 mm and the test speed was 50 mm/min for the tests. Also, strength 
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and elongation of non-sewn reference samples were determined according to same 
procedure. 6 mm seam slippage of samples was determined according to TS EN ISO 
13936-1 standard [29]. All of the specimens were conditioned under standard atmosphere 
conditions (20±2ºC, 65±4% relative humidity) for 24 hours before the tests. 

3. RESULTS AND DISCUSSIONS

Strength and elongation results of samples are given table 2, with standard 
deviation values. Also, strength results of non-sewn reference fabrics and sewn samples 
are visualized in figure 1, a. According to results, FR1 and FR2 fabrics had similar 
strength values in warp direction that reached to 1000 N. In weft direction, FR1 sample 
showed higher strength value. FR3 fabric, that contained 49% meta-aramid and 50% 
viscose FR, exhibited lower strength both in warp and weft directions when compared to 
FR1 and FR2 fabrics, those were highly composed of aramid fibre types. 

Table 2. Strength, failure type and elongation results of samples 

Sample 
code 

Strength/Seam strength Elongation 
Warp Weft Warp Weft 

Mean 
(N) 

St. 
Dev. 
(N) 

Failure 
type 

Mean 
(N) 

St. 
Dev. 
(N) 

Failure 
type 

Mean 
(mm) 

St. 
Dev. 
(mm) 

Mean 
(mm) 

St. 
Dev. 
(mm) 

FR1- No 
Seam 1002.09 33.09 - 946.51 18.34 - 25.34 0.45 23.13 0.61 

FR1-M 234.47 20.96 Seam 
breakage 239.00 23.39 Seam 

breakage 14.03 0.77 12.82 0.39 

FR1-P 218.79 14.88 Seam 
breakage 226.77 13.59 Seam 

breakage 12.96 0.29 12.36 0.29 

FR2-No 
Seam 959.24 48.75 - 674.54 43.93 - 15.90 0.40 12.31 0.29 

FR2-M 234.08 22.00 Seam 
breakage 239.50 19.56 Seam 

breakage 12.56 0.46 12.31 0.40 

FR2-P 237.58 24.99 Seam 
breakage 226.13 10.86 Seam 

breakage 12.25 0.59 11.87 0.26 

FR3- No 
Seam 667.50 22.71 - 292.10 3.63 - 19.07 0.63 16.87 0.21 

FR3-M 227.41 28.98 Seam 
breakage 185.80 14.15 

Fabric tear 
at seam, 

seam 
breakage 

11.92 0.87 17.15 1.49 

FR3-P 185.98 14.98 Seam 
breakage 201.56 17.28 

Fabric tear 
at the 
seam 

10.33 0.51 17.33 1.93 

Seam strengths of all samples were importantly lower when compared to non-sewn 
reference fabrics. Samples sewn with meta-aramid sewing yarn (M) had seam strengths 
between 185-240N. For these samples, sewing yarn broke as the failure type except than 
FR3-M in weft direction. FR1-M and FR2-M showed the same seam strength in both 
directions. In contrary, FR3-M possessed less seam strength. This can be a result of lower 
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strength of FR3 fabric, especially in weft direction. The failure of FR3-M was observed as 
fabric tear at the seam.  

Figure 1. Strength, seam strength and elongation of samples 

For samples sewn with 100% para-aramid sewing yarn (P), results were variable. 
In warp direction, FR2-P exhibited the highest seam strength, while in weft direction FR1-
P and FR2-P showed exactly the same seam strength value. As for samples sewn with 
meta-aramid sewing yarn (M), sewing yarn breakage was observed for FR1-P and FR2-P 
samples, while fabric tear at the seam was observed for FR3-P samples in the weft 
direction. In warp direction, all the samples showed sewing yarn breakage as the failure 
type. 

As the tensile strengths of para-aramid and meta-aramid sewing yarns were too 
high when compared to the strength of FR3 fabric in weft direction, it lead to the fabric 
tears at seam positions of FR3-M and FR3-P samples. 

Elongation of samples are given in figure 1, b. Among all reference fabrics, FR1 
had the highest elongation values while FR2 had the lowest in both warp and weft 
directions. After sewing, elongation of all warp samples decreased. For weft samples, 
elongation decreased only for FR1 samples after sewing. Elongation of samples sewn with 
M or P sewing yarns was close to each other, in both warp and weft directions. 

Seam slippage results of samples (corresponding to 6 mm seam slippage) are given 
in table 3. According to results, FR1 and FR2 samples exhibited seam slippage forces 
higher than 200 N, for both warp and weft samples. These samples did not show enough 
seam openings during the tests, even the force reached 200 N. Similarly, required seam 
openings were not obtained for FR3 samples, but some of these samples broke before 
200N, as noted in table 3. 

4. CONCLUSION

 In this study, effects of aramid sewing yarn type and fabric compositions are 
examined on the seam strength, elongation and seam slippage of high performance fabrics. 
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Table 3. 6 mm seam slippage results of samples 
Sample code Warp slippage 

(N) 
Weft slippage 

(N) Notes 

FR1-No Seam / / * Only one seam
breakdown < 200 N 

** Only one value> 200 N 
and four breakdowns< 200 
N (mean= 181.2 N) 

*** Only two values> 
200N and three 
breakdowns< 200N 
(mean= 176.7 N ) 

FR1-M >200 >200 
FR3-P >200 >200 

FR2- No Seam / / 
FR2-M >200 >200 
FR2-P >200 >200 

FR3- No Seam / / 
FR3-M ** >200 * 

FR3-P >200 * *** 

For this purpose, 2 types of aramid sewing yarn (para-aramid and meta-aramid) 
and 3 types of high performance fire retardant fabrics were utilized. 

According to test results, although the para-aramid sewing yarn was finer, its 
strength was higher than meta-aramid sewing yarn. When the fabric samples were 
considered, samples with higher aramid compositions exhibited similar and high strengths 
while sample with 50% aramid exhibited lower strength values. 

When the samples were sewn, independent of the sewing yarn strength, all the 
strength values dropped to 185-240N range. In general, samples sewn with meta-aramid 
sewing yarn exhibited higher strength in this range. On the other hand, elongation of all 
sewn samples was close to each other. Although meta-aramid sewing yarn had higher 
strain value when compared to para-aramid sewing yarn, it did not reflect to sewn fabric 
elongation values. Similarly, 6 mm seam slippage forces were determined above 200 N 
for most of the samples that showed that sewing yarn type did not have an effect on seam 
slippage for these samples. Here, the effect of fabric type was more detectable. 

This study was a preliminary work for a more detailed study on the seam properties 
of high performance garments. In the further studies, effects of aging on the seam 
properties of high performance fabrics sewn with aramid yarns is planned to be 
determined. 
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Abstract: The hydrodynamic and flocculation properties of aqueous solution of chitosan (CS) were investigated 
at room temperature. The viscometric data of dilute CS solutions were discussed in terms of Wolf method as a 
function of polymer concentration, salt nature (NaCl, NaNO3, and CaCl2) and concentration. The flocculation 
properties in emulsions of some commercial pyrethroid insecticides (Fastac 10 EC (F), Decis (Dc) and Karate 
Zeon (KZ)) were evaluated. The viscosity measurements reveal that the experimental data fit well with the Wolf 
model and the [η] values decrease in salt aqueous solutions. For the same insecticide concentration (0.02%, 
v/v), UV-Vis spectroscopy measurements show maximum removal efficiency around 90% for Fastac 10EC and 
Decis and 80% for Karate Zeon. The residual KZ absorbance decreased with the increase of insecticide 
concentration in the initial emulsion, from 80% for the lowest concentration (0.02%, v/v) to around 90% for the 
highest one (0.06%, v/v). The supernatant zeta potential dependence on the chitosan dose pleads for the charge 
neutralization as the main mechanism for the flocculation of pyrethroid insecticide particles. 

Keywords: chitosan, flocculation, insecticides, salt solution, viscosity 

1. INTRODUCTION

Chitosan is a well-known cationic polysaccharide made of glucosamine and a fraction 
of acetylglucosamine residues [1]. The main characteristics of chitosan, namely 
biodegradability, nontoxicity, hydrophilicity, easy chemical derivatisation, etc., are the 
consequence of the –OH and primary amino groups presence in its chemical structure. By 
virtue of these properties, chitosan has found applications in many fields such as medical, 
agriculture, food, textile, cosmetics, pharmaceutical, papermaking industries [2-4]. Its using in 
the above mentioned fields has challenged the researchers to investigate the dynamic 
(viscosity, rheology, etc.) and electrochemical (conductometry, activity, etc.) properties in 
solution with different characteristics (pH, ionic strength, etc.). The viscosity measurements 
provide valuable information about interactions between polymer chains or with solvent 
molecules, conformational transition of the chains and some hydrodynamic parameters of the 
polymer chains in solution [5,6]. In this context, a first aim of this paper was the investigation 
of some salts effect on the hydrodynamic properties of CS chains in aqueous solution and 
determination of the intrinsic viscosity by the Wolf method [7]. Also, the high ability of CS to 
interact with a wide range of compounds (salts, clays, oils, dyes, metal ions, etc.) has directed 
its application in the wastewater treatment field [2,8]. The presence of pesticides, a group of 
highly toxic materials for the living organisms in the environment (surface water and 
industrial/agriculture wastewater), has determined an increasing interest in their removal by 
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different physico-chemical methods [9,10]. However, the application of soluble 
polysaccharides including chitosan in removal of pesticides from wastewater was less 
investigated [9, 10]. The good removal efficiency (around 90%) obtained when dextran [9] 
and pullulan [10] derivatives were used as flocculants encouraged us to test the efficiency of 
chitosan solution in decreasing of some commercial pyrethroid insecticides content from 
wastewater. The insecticides chosen in this work (widespread applied in agricultural crops, 
forestry as well as in public and animal health) were Fastac 10 EC, Decis and Karate Zeon. 
The flocculation efficacy of CS in pyrethroid insecticides emulsions was followed by UV-Vis 
spectroscopy as a function of dosage (polymer dose represents the flocculant concentration in 
its mixture with pesticide emulsions). In addition zeta potential measurements were 
performed in order to establish the possible mechanisms that control the insecticides removal 
process. 

2. MATERIALS AND METHODS

2.1. Materials 
Chitosan (CS, chemical structure in figure 1, a, acetic acid (AcOH) and used salts 

(NaCl, NaNO3 and CaCl2) were purchased from Sigma-Aldrich, and were used as received. 
The viscometric average molar mass of CS (Mv = 189 kDa) was estimated from the 

intrinsic viscosity, [η], according to the equation proposed by Gamzazade et al. [11]: 

[η] = 1.38 × 10−4 Mv
0.85 (dL∙g-1)               (1) 

Degree of acetylation (DA) of chitosan was evaluated by infrared spectroscopy 
(Vertex 70 Bruker FTIR spectrometer). Transmission spectra were recorded in KBr pellets. 
For DA determination, Equation (2) was used taking the 1420 cm -1 band as reference and the 
band located at 1320 cm-1 as characteristic band for the N-acetylglucosamine [12]: 

A1320/A1420 = 0.3822 + 0.03133 DA  (2) 

An average value of DA =15%, obtained from three measurements, was taken into 
consideration. 

The insecticide called in the paper F is commercially available as Fastac 10 EC 
(BASF), in small bottles: 2 ml solution (α-Cypermethrin: 100 g∙l-1; solvent naphtha 
(petroleum), light arom.) (chemical structure in figure 1, b). The insecticide called in the 
paper Dc is commercially available as Decis, in vials with 2 mL solution (Deltamethrin: 50 
g·L-1; solvent naphtha (petroleum), heavy arom.) (chemical structure in figure 1, c). The 
insecticide called in the paper KZ is commercially available as Karate Zeon (Syngenta 
Limited, England) in small bottles/vials: 2 ml solution (lambda-Cyhalothrin: 50 g∙l-1; solvent 
naphtha (petroleum), heavy aromatics, propylene glycol) (chemical structure in figure 1, d). 

2.2. Methods 
     Viscometric measurements 

An automatic viscometer (Instrument LAUDA LMV 830) equipped with a water bath 
(ECO ET 155) and an Ubbelohde suspended-level viscometer with capillary diameter of 
0.64 mm (Type 531 10, Schott-Geräte) was used to perform the viscometric measurements for 
the aqueous solutions of CS (in the absence/presence of salts). The measurements were made 
at room temperature (± 0.01°C) and repeated at least twice in order to check the reliability of 
the data, which was ± 3%. The chitosan solutions in aqueous AcOH (1%, v/v) and salt 
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solution with different concentration (0.1, 1 and 10 mM) were prepared one day before the 
viscometric measurements. 

a 

b c d 
Figure 1. Chemical structure of: a – chitosan and used insecticides b - alpha-Cypermethrin; 

c – Delthametrin; d - lambda-Cyhalothrin 

Flocculation procedure 
The stock chitosan solution was prepared (CS powder was dissolved in aqueous 

solution of acetic acid (1%, v/v)) under magnetic stirring for 24 h at room temperature, 1 day 
before the flocculation experiments. Insecticide emulsions were also obtained in highly 
purified deionized water with the next concentrations (cie%, v/v): (i) F emulsion (the initial 
pH = 4.4,  ζ = -24.6 mV and cie = 0.02); (ii) Dc (the initial pH = 4.5, ζ = -28.2 mV and cie = 
0.02); (iii) KZ (the initial pH = 4.5, ζ = -26.5 mV and cie= 0.02, 0.04 and 0.06). The 
concentration of polymer in its stock solution was 1g∙L-1. In order to obtain stable insecticides 
emulsions, the stock ones (sample volume of 500 mL) were sonicated for 15 min using an 
ultrasonicator with VCX 750 SONICS, USA.  The flocculation measurements were carried 
out at room temperature, using a Cole Parmer stirrer/hotplate 9 places, according to the 
method already described [9]. After 1200 min settling time, 10 ml of supernatant was taken 
out for both the absorbance (spectrophotometer SPECOL 1300 Analytik Jena) and zeta 
potential measurements (Zetasizer Nano-ZS, ZEN-3500 model (Malvern Instruments, 
Malvern, England). The absorbance measurements were recorded at wavelength (λ, nm) = 
276 nm for F, 267 nm for Dc and 270 nm for KZ. The pesticide removal was expressed as 
percent of the initial absorbance recorded for the insecticide particle emulsions, at time zero 
(without polymer). Triplicate experiments were made and the mean values were calculated. 
Standard deviation determined for the experiments was ± 4%. 

3. RESULTS AND DISCUSSION

3.1. Viscosity data 
The viscometric behaviour of aqueous solution of CS as a function of polymer 

concentration in terms of reduced viscosity (ηsp/c) and relative viscosity (lnηr) is presented in 
figure 2.  

ηsp is the specific viscosity (𝜂𝜂𝑠𝑠𝑠𝑠 = 𝜂𝜂𝑟𝑟 − 1) which shows the change in viscosity of the 
polymer solution by the addition of the solvent. 𝜂𝜂𝑟𝑟 represents the relative viscosity determined 
as the ratio between by the viscosities of the polymer solution and the solvent (experimentally 
determined as t/to, where t and to represents the flow time of polymer solution and solvent, 
respectively). 
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The plot of ηsp/c–c (figure 2, a) points out the following aspects: i) in salt solutions, 
the values of reduced viscosity decrease linearly with CS concentration like the neutral 
polymers; ii) in the absence of salt, the reduced viscosity increases at high dilution (namely, 
for polymer concentrations lower than 0.002 g∙dl-1) that is characteristic for the 
polyelectrolyte behaviour. This is due to the electrostatic repulsion interactions between the 
charged groups (–NH3+) which lead to the chain expansion; consequently, the determination 
of the intrinsic viscosity ([η]) by the Huggins method becomes difficult. For this reason we 
have chosen to determine the [η] according to the method proposed by Wolf [7]. 

Figure 2. Dependence on: a - chitosan concentration, c, of reduced viscosity and b -  relative 
viscosity in AcOH (full square) and in aqueous salt solutions: 0.1 mM NaCl (full circle),         

1 mM NaCl (emty circle), 10 mM NaCl (half empty circle), 0.1 mM NaNO3 (full star) and  
0.1 mM CaCl2 (full triangle). 

This model allows the evaluation of the [η] values from the initial slope of dependence 
of lnηr as a function of polymer solution concentration (c) at sufficiently low shear rates and 
c, according to the following equation: 

lnηr =  𝑐𝑐[𝜂𝜂]+𝐵𝐵𝑐𝑐2[𝜂𝜂][𝜂𝜂]∗

1+𝐵𝐵𝑐𝑐[𝜂𝜂]               (3) 

where: ηr = the relative viscosity, [η] = the intrinsic viscosity, B = the viscometric interaction 
parameter and [η]* = the characteristic specific hydrodynamic volume which incorporate the 
effects of electrostatic interaction. 

Figure 2, b presents the evaluation of the experimental data from figure 2, a according 
to the Wolf model. The results demonstrate that all of calculated lines coincided well with the 
experimental points proving the ability of Equation (3) to determine the intrinsic viscosity and 
to describe the viscosity behaviour of CS in the absence/presence of salts. 

Table 1 emphasizes (i) the higher values of [η] for chitosan in AcAc solution than 
those in all salt solutions (the same concentration); (ii) for the same salt (NaCl), the decrease 
of [η] with enhancing its concentration.  

By adding salt, the electrostatic repulsion interactions between charged groups are 
screened, chains adopt a more compact conformation and thus intrinsic viscosity values 
decrease. The macromolecular chain conformation in solution is reflected in the value of c*. 
In the present study, the increase of c* from 0.04 to 0.093 g∙dL-1 with salt concentration 
reveals the transition of chitosan chains from the extended conformation to a coiled one (table 
1). 
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Table 1. Viscometric parameters determined by eq. 1 for CS aqueous solutions 
Solvent/salt concentration   [η] 

(dl∙g-1) 
c* =[η]-1 

(g∙dl-1) 
AcOH 1% 

AcOH(1%)/NaCl (0.1 mM) 
AcOH(1%)/NaCl (1  mM) 
AcOH(1%)/NaCl (10 mM) 
AcOH(1%)/NaNO3 (0.1mM) 

AcOH(1%)/CaCl2 (0.1 mM) 

22.7 
19.534 
16.718 
10.740 
19.954 
17.793 

0.044 
0.050 
0.059 
0.093 
0.051 
0.056 

 3.2 Flocculation data 
Influence of chitosan dose 
One of the most important parameters which gives an indication of the performance in 

coagulation/flocculation process of a compound (inorganic salts or polymer) is the optimum 
dose (doseop), which is the polymer dose corresponding to the maximum removal efficiency. 
Hence, the percent of insecticides removal dependence on the chitosan dose was followed for 
all of the insecticides under study; insecticide emulsions with cie (%, v/v) = 0.02 were used 
(figure 3, a). 

The maximum removal efficiency (RE%) more than 90% has been found in the 
polymer dose interval between 1.2 mg∙l-1 and 1.4 mg∙l-1 for F and between 1 mg∙l-1 and 
1.1 mg∙l-1 for Dc. A slightly lower efficacy of chitosan was found in case of KZ, around 80% 
at a polymer dose of 0.8 mg∙l-1. The explanation for this behavior could be found looking at 
the chemical structure of the partners implied in the systems investigated. Thus, the chitosan 
sample used in this investigation is a high charge density polycation (DA =15%, see Materials 
and Methods part, 2.1. Materials subsection); the pKa of chitosan with a degree of 
deacetylation above 70% is around 6.3-6.4 [14]. 

Figure 3. Graph of: a - residual insecticides absorbance (%); b - zeta potential (ζ) dependence 
on the chitosan dose; cie (%, v/v) = 0.02 

On the other hand, the insecticides (i) α–Cypermethrin, the active ingredient of F, is a 
racemic mixture of (S)-a-cyano-3-phenoxybenzyl-(1R,3R)-3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylate and (1R)-a-cyano-3-phenoxybenzyl-(1S,3S)-3-(2,2-
dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate,  (ii) Deltamethrin- the active ingredient 
of Dc is [(S)-Cyano-(3-phenoxyphenyl)-methyl] (1R,3R)-3-(2,2-dibromoethenyl)-2,2-
dimethyl-cyclopropane-1-carboxylate and (iii) lambda-Cyhalothrin- the active ingredient of 
KZ,  is a mixture of (1R)-lambda-cyano-3-phenoxybenzyl (1S)-cis-3-[(Z)-2-chloro-3,3,3-
trifluoropropenyl]-2,2-dimethylcyclopropanecarboxylate and (S)-lambda-cyano-3-
phenoxybenzyl (1R)-cis-3-[(Z)-2-chloro-3,3,3-trifluoropropenyl]-2,2 dimethylcyclopropane-
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carboxylate; zeta potential values of the insecticide particles emulsions without chitosan are ζ 
= -24.6 mV for F,  ζ= -28.2 mV for Dc and ζ = -26.5 mV for KZ  
(see Materials and Methods part, 2.2.2 Methods subsection). Based on this information one 
may surmise that the flocculation of suspended particles by CS results from mechanisms 
which, mainly, imply electrostatic attraction between oppositely charged groups on the 
particles and chitosan chains (neutralization and patch). In the neutralization mechanism, the 
surface charges are neutralized by the oppositely charged groups of the polyelectrolytes and 
the particles attract each other by van der Waals forces, while in the charge patch one, 
aggregation takes place as a result of the electrostatic attraction between oppositely charged 
regions on particles [15]. Zeta potential measurements can discriminate between these 
mechanisms. In case of the charge neutralization mechanism, the maximum removal 
efficiency takes place at a polymer dose around that required to obtain a zeta potential close to 
zero [16], while for the patch mechanism, zeta potential needs not to be zero [17]. Zeta 
potential measurements were undertaken on the same supernatant samples as that used for the 
absorbance measurements (figure 5, b). Irrespective of the insecticide used, ζ values increased 
over the entire domain of chitosan doses investigated, from the initial emulsion negative value 
(see above) to positive ones, namely 10.2 mV (F), 14.1 mV (Dc) and 18.2 mV (KZ). Worthy 
of note are the values of ζ, close to zero, recorded in cases of F and Dc (between -4.7 mV and 
3.6 mV for F and between -4.93 mV and 2.33 mV for Dc that points to charge neutralization 
mechanism for both insecticide particles removal by chitosan. The negative value of ζ at 
optimum dose (-11.3 mV) noticed for KZ reveals the weaker interactions with chitosan than F 
and Dc. This finding could be caused by the more bulky trifluoropropenyl groups in lambda-
Cyhalothrin than dichlorovinyl and dibromoethenyl in α–Cypermethrin and Deltamethrin, 
respectively, which might impede in a certain extent the polymer-insecticide particles 
interactions. Also, the slightly higher optimum chitosan dose recorded in case of F than Dc 
and KZ could be assigned to the higher content of active ingredient in F (α–Cypermethrin: 
20 mg∙l-1) than that in Dc and KZ (Deltamethrin and lambda–Cyhalothrin: 10 mg∙l-1). 

 Influence of insecticide concentration 
The insecticides concentration in wastewaters can vary. Therefore, it is necessary to 

examine the impact of this parameter on the chitosan efficiency in flocculation process. Thus, 
in addition to the model wastewaters with cie (%, v/v) = 0.02, we carried out experiments with 
insecticide emulsions having cie (%, v/v) = 0.04 and 0.06 at the natural emulsions pH.  

Figure 4 displays the results obtained in case of KZ which has been chosen as 
example. 

Figure 4. The residual KZ absorbance (%) dependence on the chitosan dose for different 
concentrations of KZ (cKZ) 
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One observes a clear increase of the removal percent of KZ with the increase of (cKZ), 
namely from around 80% for the lowest cKZ to around 90% for the highest one. 

Worthy to note is the increase of doseop with cKZ (%, v/v), as follows:  0.8 mg∙l-1 for 
cKZ = 0.02, 1.2 mg∙l-1 for cKZ = 0.04, 2 mg∙l-1 for cKZ = 0.06.  At higher KZ concentration, 
more polycation chains were necessary for the neutralization of particle charge surface, hence 
the increasing doseop. 

4. CONCLUSIONS

1. Wolf equation is proper to describe the viscosity behaviour of chitosan aqueous
solution in the presence/absence of salt; 

2. The salt addition diminishes the electrostatic repulsive interactions between the
charged groups along the chains, and so, the macromolecules adopt a more coiled 
conformation and hence, the intrinsic viscosity decrease; 

3. The increase of flocculants dosage led to the drastic decrease of residual insecticides
absorbance until the optimum dose is reached; 

4. The optimum chitosan doses (doseop, mg∙l-1) were found to increase as the KZ
concentrations increase; 

5. Zeta potential data indicate charge neutralization as the common mechanism
contributing to the separation of investigated insecticide particles. 
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Abstract: Disposable breathable diapers are considered as one of the most important developments in diaper 
sector. Breathable diapers keep the child’s skin dry and provide a comfortable feeling to the child. Breathability 
of diapers is obtained by using the breathable back sheet layer which is the most outer layer that the diaper 
comprises. In this study, the effects of laminating and printing processes on back sheet material breathability are 
studied. For this aim, four types of back sheet samples namely; film, printed film, laminated film and printed-
laminated film are tested for breathability. For breathability testing, water vapour permeability test was applied 
with two different test devices which principally operate in different ambient conditions. As a result of the study, 
it is seen that, the breathability of back sheet component decreases as a result of printing and laminating 
processes. Also, it can be concluded that the ambient conditions for standard textile fabrics is not convenient for 
testing back sheet samples. Since, the test does not simulate the real ambient conditions of microclimate between 
the diaper and the child’s skin during diaper use.  

Keywords: back sheet, breathable diapers, breathability, water vapour permeability 

1. INTRODUCTION

Baby diapers are used all over the world for many years. The crucial innovation in 
diapers is undoubtable the production of disposable diapers which are appeared in the middle 
of the twentieth century [1-3]. The disposable diapers are composed of different basic layers 
namely; top sheet, absorbent layer and back sheet. Each layer plays a different role, where the 
top sheet transports the liquid to the inner absorbent layer, while the absorbent layer is in 
charge of absorbing the liquid and the back sheet provides a liquid barrier effect [1-4].  

In the literature there are some studies which deal with different performance 
properties of diapers. Yaman et al. investigated the surface, the mechanical and liquid 
absorption properties of commercial disposable diapers to determine their performance in use 
[4]. Özen et al. presented a study on the thermal comfort properties of multi-layered diaper 
structures regarding the breathability, thermal conductivity, and warmth–cool feeling in dry 
and wet conditions. They used different breathable films that were deliberately produced for 
the study in comparison to a commercial breathable film. They also used different top sheet 
layers [5]. Gündüz investigated the performance properties of commercially available baby 
diapers [6].  

Baby’s skin may be affected negatively by diapers. Since the skin is in contact with 
the diaper in wet and warm microclimate for a long time period [4]. To prevent the negative 
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effects of diapers, breathable diapers are developed by providing a breathable back sheet layer 
which has a good level of water vapour permeability. Breathable diapers keep the child’s skin 
dry and provide a comfortable feeling to the child. Earlier studies show that the breathable 
disposable diapers retain the skin in dry condition and inhibit the increase of heat, owing to 
having a good level of water vapour permeability. So, they are superior to non-breathable 
diapers regarding the comfort property. It can be said that the infants who wear breathable 
diapers are less likely to get rash than the ones who use the non-breathable diapers. One of the 
most effective solution for DD (Diaper dermatitis) or diaper rash is concluded as using 
breathable disposable diaper for infants [5, 7-12].   

In order to produce a breathable disposable diaper, a breathable back sheet layer must 
be provided. Baby diapers can be called as breathable if only the back sheet layer provides 
breathability. Back sheet is composed of spun bonded nonwoven layer which is laminated 
with PE (polyethylene) film layer. It should be regarded that spun bonded nonwoven layer has 
water vapour permeability or breathability since it has a porous structure. On the other hand, 
it is fundamentally critical to present water vapour permeability for PE film layer which is 
originally used for liquid barrier functionality. Even if the PE film layer is originally 
breathable, there are some production processes such as printing that decrease the 
breathability of the component. The PE film layer is generally printed with different designs 
to provide an attractive look. The other deteriorative process for water vapour permeability is 
lamination of PE film with spun bonded nonwoven fabric by the adhesive material. Even 
though the spun bonded nonwoven fabric has breathability due to its porous structure, 
lamination of this textile layer by an adhesive with PE film deteriorates the breathability of 
end product.   

In this study, the effects of printing and lamination processes on the breathability of 
baby diaper back sheet component were investigated by two different test devices which 
principally apply different ambient conditions.  

2. MATERIALS AND METHODS

In this study, breathability of different configurations of diaper back sheet layers was 
investigated to discuss the effects of printing and lamination processes on water vapour 
permeability. For this aim, PE film, printed PE film, laminated PE film and laminated-printed 
PE film samples were tested. The mass and thickness values of the samples were determined 
according to the standards of TS 12127 [13] and TS 7128 EN ISO 5084 [14] and given in 
table 1. 

Table 1. Fabric mass and thickness of the samples 
Samples Fabric mass (g/m²) Thickness (mm) 
PE film 15 0.014 

Laminated PE film 25 0.024 
Printed PE film 15 0.128 

Laminated & Printed PE film 26 0.116 

For breathability determination water vapour permeability tests were performed. In 
this study, two different types of water vapour permeability tests were applied to samples. The 
first test method is evaporative dish method by BS 7209:1990 [15] which is generally used for 
textile fabrics. In this method, three test specimens are mounted over the test dishes 
containing 46 ml of distilled water at 20±2ºC. These dishes are placed on a rotating turntable. 
The samples are rotated with turntable for one hour to establish equilibrium of water vapour 
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pressure gradient across the sample (figure 1). 

Figure 1. Water vapour permeability test device for evaporative dish method 

After one hour rotating period for equilibrium the mass of the dishes are determined. 
The turntable with dishes is then rotated for a further period of 5 hours. The mass values of 
the dishes are determined after 5 hours duration. Then the water vapour permeability (WVP) 
of the samples is calculated in g/m2/day by the given equation 1. The ambient conditions of 
the test are 20±2°C temperature and 65±4% relative humidity, as generally used for textile 
fabrics: 

WVP = 24M
At

              (1) 

where t is test period in hours, A - area of the sample in 5.41x10-3 m2, M - mass difference in 
grams. 

The second type of breathability test was done by Mocon test device (figure 2) 
according to standard test method of ASTM D6701 – 21 [16], at 38°C.   

Figure 2. Mocon water vapour permeability test device 

3. RESULTS AND DISCUSSIONS

Table 2 and figure 3 represents the experimental results of water vapour permeability 
test results determined by two different test principals.  
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Table 2. The results of water vapour permeability tests 

Samples Evaporative Dish Method Breathability by Mocon 
WVP (g/m²/day) Average WVP (g/m²/day) Average 

Film 

557 

457 

4763 

4400 
448 4339 
474 4288 
420 4248 
383 4363 

Laminated 
film 

511 

466 

3912 

3711 
471 3872 
510 3789 
426 3416 
411 3564 

Printed 
film 

362 

407 

3418 

3558 
428 3716 
440 3571 
369 3335 
437 3750 

Printed 
laminated 

film 

413 

466 

2754 

2522 
573 2582 
392 2166 
424 2335 
527 2774 

Figure 3. Water vapour permeability test results 

As it can be seen from both table 2 and figure 3, the WVP results for two different test 
principles are considerably different. The situation is a result of ambient conditions that are 
generated by different test principles. The water vapour transfer through the samples is 
achieved by water vapour gradient between textile surfaces. If the water vapour pressure that 
is generated in the microclimate between the textile surface and water vapour source, the 
water vapour is enforced harder to be transferred through the textile surface. On the other 
hand, it can be seen from the results that the WWP of samples do not have an important 
difference for evaporative dish method, whereas there is a significant difference among the 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Film

Laminated film

Printed Film

Printed and Laminated Film

Mocon Evaporate Dish

134



samples for WVP measured by Mocon test device. Since, Mocon test device ensures higher 
temperature and humidity during water vapour permeability test. The ambient conditions that 
the test device performs during the WVP measurement provide a better simulation of real 
usage conditions. According to WVP results measured by Mocon test device, the highest 
value is obtained for breathable film material. In comparison to film material, laminated film 
and printed film samples have lower WVP values. Both lamination and printing processes 
cause a decrease on WVP. In lamination process film material is laminated with a spun 
bonded nonwoven fabric layer by using adhesive. So, it is an expected result to have lower 
WVP value due to providing higher thickness and more amount of material in unit area for the 
obtained textile surface. On the other hand, printing process decreased the WWP more than 
lamination process. This is a critical result that even if the printing process does not provide 
coloration and covering the entire surface by a colorant material, there is an important level of 
WVP decrease after the process. The situation may be attributed to the pressure that is applied 
to the entire surface of the film material by rotary screens during printing process. The 
printing process may negatively affect the pore structure of the film surface. The lowest WVP 
value is obtained with the printed-laminated sample. Regarding the WVP values of the printed 
sample and laminated sample, it is an expected result for the printed-laminated sample to have 
the lowest WVP value. Since, both lamination and printing processes have a decreasing effect 
on WVP.  

ANOVA results for evaporative dish method and Mocon test device are given in table 
3 and table 4, respectively.  

Table 3. ANOVA results for Evaporative Dish method 
Groups Sum of 

Squares df Mean 
Square F Sig. 

Between 
groups 11831.600 3 3943.867 1.108 0.375 

Within groups 56941.600 16 3558.850 
Total 68773.200 19 

Table 4. ANOVA results for Mocon test device 
Groups Sum of Squares df Mean Square F Sig. 
Between 
groups 

9025244.950 3 3008414.983 62.716 0.000 

Within 
groups 

767505.800 16 47969.050 

Total 9792749.750 19 

According to ANOVA results of evaporative dish method, there is no statistically 
significant difference among WVP values of the samples, whereas there is statistically 
significant difference among the samples tested by Mocon test device.     

4. CONCLUSION

Disposable diapers can be divided into two groups as breathable and non-breathable. 
Today generally breathable disposable diapers are used due to keeping child’s skin dry, 
providing a comfortable feeling to the child and prevent diaper rash. The production of 
breathable diapers is possible by using the breathable back sheet layer which is the most outer 
layer of the disposable diaper. The back sheet is composed of spun bonded nonwoven layer 
and PE film. The laminated layer is then printed for an attractive look.  
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This study aims to investigate the effects of laminating and printing processes on baby diaper 
back sheet material breathability. For this aim, WVP of breathable film material is determined 
and compared with the products after printing, lamination and printing-lamination. 
Consequently, it is observed that, the printing and lamination processes have nearly same 
deterioration effect on the breathability back sheet material. In addition, WVP value is 
decreased with approximately 45% as a result of both lamination and printing processes in 
comparison to film layer. It can be concluded that even if the film material is produced with a 
high level of breathability, the process parameters of the post processes must be controlled 
precisely for a good level of end product breathability.     
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Abstract: In this research, biodegradation behaviour of nonwoven fabrics suitable for wet wipes having different 
fibre types such as regenerated cellulose (viscose and Tencel), polyethylene terephthalate (PET) and their blends 
were investigated. Each nonwoven fabric was buried in soil and test samples were controlled in regular periods. 
Visual appearance was reported and examined by photographs and microscopic views. According to the changes 
in visual appearance and weight loss, biodegradation was examined in a systematic way. It has been observed 
that regenerated cellulose nonwoven fabrics and the PET nonwoven fabrics show big difference under the same 
degradation conditions. PET fibre content delays biodegradation in the soil and degradation behaviour is 
similar the content of PET fibre in fabric structure. The higher PET, lower degradation, and the higher cellulosic 
fibre, the higher degradation was determined for nonwoven fabrics suitable for wet wipes. 

Keywords: degradation, nonwoven, soil burial, wet wipes 

1. INTRODUCTION

Nonwoven products, which are increasingly attracted by both manufacturers and 
consumers as faster and cheaper production, continue to be used in new areas every day. In 
particular, the ease of use of disposable products has created dynamism in the nonwoven 
sector and caused the sector to grow. Important developments are taking place in the 
disposable care and hygiene products market, which has an important place in daily life [1]. 
Most of these developments are aimed at increasing the qualities of disposable textile 
products. Wet wipes belonging to the care and hygiene products group meet the expectations 
of consumers in terms of both hygiene and ease of use. 

In recent years, non-biodegradable materials have been a subject of discussion due to 
the damage they cause in the environment and their waste loads, and many studies have been 
initiated accordingly. Environmentally friendly products have started to be produced with 
appropriate technology. The need for environmentally friendly applications in frequently 
encountered products clearly reveals the importance of biodegradation in the textile industry. 
Biodegradation is the breakdown of organic materials by microorganisms such as bacteria and 
fungi. In last decade, there are many studies on biodegradation and new biodegradable fibres. 
Many researches were conducted on biodegradability of different materials and also textiles 
for different degradability conditions [2-8,10-11]. While the efforts to create new 
biodegradable nonwovens are continuing, the post-use journeys and waste load of wet wipes, 
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which are consumed every day in the market were studied [9]. In the context of this study, 
nonwoven fabrics suitable for wet wipes in landfill environment conditions is examined. 

By the increasing consumption of wet wipes in daily life and getting higher with day 
by day with continuing Covid 19 pandemic, the researches on degradation of single use 
nonwoven fabrics is getting importance. 

2. MATERIAL AND METHOD

In this research, nonwoven fabric suitable for commercial wet wipes were supplied 
from a producer company and analysed before degradation tests. Six nonwoven fabrics by 
different raw materials having different fibre contents were selected to examine the 
differences in biodegradation behaviour. The properties of the fabrics are shown in table 1. 
As can be seen in table 1, selected fabrics consist of different contents of viscose, Tencel and 
PET fibres. 

Table 1. Structural parameters of nonwoven test fabrics 

Fabric No Raw material Mass per unit 
area(g/m²) 

Thickness 
(mm) 

Density 
(g/cm³) 

1K 100% Tencel 73.2 0.68 0.093 

2K 70/30% Tencel/CV 66.0 0.60 0.088 

3K 50/50% PET/CV 48.9 0.55 0.084 

4K 60/40% PET/CV 70.4 0.38 0.089 

5K 80/20% PET/CV 54.4 0.71 0.100 

6K 100% PET 42.4 0.57 0.094 

All samples were conditioned in the Physical Textile Testing Laboratory of Dokuz 
Eylül University Textile Engineering Department under standard atmospheric conditions 
before mass per unit area and thickness measurements. Samples were prepared in a square 
shape to be buried for 1 month and 2 months period and were weighed to make comparisons 
before and after burial period. The test samples for soil burial test were shown in figure 1. 
After that stage all samples were covered with soil. During the degradation process, relative 
humidity measurements were made in soil and water was sprayed to protect the moisture of 
the soil in constant such as 95% RH.  
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Figure 1. The test samples in plexiglass boxes for soil burial test 

3. RESULTS

After the burial period completed, test samples were taken from soil and rinsed with 
ethanol/water solution and dried at room temperature. Weight loss (%) values were calculated 
after measuring the mass of samples under standard atmospheric conditions. Besides visual 
appearance of buried test samples was examined and recorded for two different burial periods. 
These visual examinations were given in table 2 and figure 2. 

Table 2. Visual observation results of test samples for two different burial periods 
Sample code Visual appearance after 

1 month soil burial 
Visual appearance after 

2 months soil burial 
1K Hard, brittle, dark spotting, 

hole and tear occurred 
Completely disintegrated 

2K Completely disintegrated - 
3K Yellow spotting, thinner 

areas were seen 
Increased yellow staining, very 

thin areas were seen 
4K Yellow spotting, thinner 

areas were seen 
Yellow staining and thinner 

areas were observed. 
5K Light spotting was observed Yellow spotting increased 
6K No obvious change Yellow spotting was seen 

Figure 2. The test samples after two months soil burial period 
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As seen in table 2 and figure 2, Tencel/viscose nonwoven fabric was degraded in 
the first month. Pure Tencel nonwoven fabric was in degraded after the second month burial 
period. For fabrics 3K-5K, some thinner places were observed and colour change was seen. 
Fabric coded 6K (100 PET %) was the test sample having least changing after two months. 

According to weight loss values, it has been observed that regenerated cellulose 
nonwoven fabrics and the PET nonwoven fabrics show big difference under the same 
degradation conditions. PET fibre content delays biodegradation in the soil and degradation 
behaviour is similar the content of PET fibre in fabric structure (figure 3). 

Figure 3. Weight loss values (%) after one month 
and two months soil burial periods  

4. CONCLUSION

In this research, the biodegradability behaviours of nonwoven fabrics suitable for wet 
wipes and having different fibre types, such as viscose, Tencel, polyethylene terephthalate 
(PET) and its blends were studied in soil burial tests. Degradation of nonwoven fabrics 
suitable for wet wipes were evaluated by examining the changes in the fabrics. 

 Having higher cellulosic fibre in its content supplies relatively faster degradation of 
nonwoven fabrics in comparison to the other fabrics used in the study. As a general view, 
nonwoven fabrics having cellulosic fibres in its structure have shown good degradation 
behaviour. It is possible to conclude that to bury wet wipes is a good idea to decrease the 
waste load of wet wipes and to make disposing these materials easier if the fabrics have no 
virus, no microbial contimation and etc. 

For further studies, it will be better to simulate soil degradation of wet wipes having 
different fibre content and carrying different wetting solutions. 
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Abstract: The awareness of the fact that the leading cause of the bad environmental conditions in our world is 
the human factor, has been increasing in recent years. This awareness enables people, companies, and 
organizations to decrease water consumption, to decrease carbon emission, to decrease using harmful 
chemicals, consequently people who are aware of global warming and depletion of resources are taking actions 
to save our planet for a sustainable life. Textile is one of the big sectors affecting the environmental pollution in 
a very bad way. For that reason, the present water footprint research was conducted on textiles and a denim 
company was especially chosen to examine the water footprint because of denim sector’s being one of the biggest 
polluters and wasting water in a huge amount in the textile industry.  
Firstly, the limits of the research were obtained as finishing operations under the scope of water footprint. The 
production steps and wastewater occurring points were obtained carefully for different denim finishing 
processes. After that stage, personal water consumption during denim apparel production was examined in 
detail. To create a good inventory analysis, many meetings were performed, and a survey was prepared to collect 
the data about wastewater of the company. By the help of this water footprint evaluation, the processes that 
create the most wastewater and the distribution of water footprint according to processes and other sources that 
cause water consumption were determined for one pair of denim trouser accepted as a functional unit in the 
context of the research. 

Keywords: denim, inventory analysis, textile, water footprint 

1. INTRODUCTION

Textile is an industry branch where water is used intensively. In the textile industry, 
denim fabric production is the foremost sector in terms of consuming/polluting water. 
Approximately 10000 litres of water are consumed for one denim trousers. In addition, 
dyeing, finishing and washing processes pollute the water as much as they consume [1]. 
Today, consumers care not only for the quality and appearance of a product, but also for its 
environmental affect, and this factor drives companies towards an environmentally friendly 
production. Firms or organizations, with "water footprint" calculation; can create a roadmap 
for improvement works related to its own water consumption and water footprint. The water 
footprint also allows the calculation of the effect of water consumption in a particular region 
or geography on thirst or water scarcity in that region [2]. 

The total water consumption isn’t sufficient to evaluate a footprint, it is necessary to 
transform these environmental impacts in order that it can be reported as water footprint (ISO 
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14046, 2011) and is defined as “the total amount of water produced by impact processes, 
products, or services at all stages of their life cycle” [3].  

The fact that its fresh water is a central source may mean that the water will come. If 
the water becomes untreatable, it will be able to be made safe in terms of water resources, 
which are becoming sustainable to be completed in a short time The water becoming non-
recoverable can become sustainable to become complete over time. The amount of water used 
to produce a product or service is called “Water Footprint”. In 2002, UNESCO - I Arjen 
Hoekstra, which is probably not found in the total volume during the time spent, can be 
repeated for the first time with the "water footprint", which determines the plan of the used 
water volume [1]. Changes in climate conditions, water consumption and water pollution 
force humans to think about water resources and water quality. This situation causes water 
scarcity that should be calculated, assessed, estimated, and taken precautions. 

Water footprint is grouped under three headings as blue, green and grey water 
footprints [1]. These are green, blue and grey water footprint. Green and blue water footprint 
consider total consumption and whereas grey measures the amount of freshwater polluted. 
The blue water footprint refers to the volume of surface and groundwater consumption along 
the supply chain of a product or service. ‘Consumption’ refers to the losses that occur when 
water evaporates, returns to another catchment area or the sea or is incorporated into a product. 
It also includes water that does not return in the same period (i.e., withdrawn in a scarce period 
and returned in a wet period). 

2. MATERIAL AND METHOD

The research was carried out in a denim clothing company that supplies denim fabric 
and carries out garment, washing (finishing), packaging and shipping processes. The company 
was established in 1986 in Izmir. In the company where 1000 workers are employed, 
approximately 300 thousand pieces of denim products are produced monthly. 

For the data collection stages to be healthy, meetings were held in the company within 
the scope of the research and the production processes were examined on site. Detailed 
information was obtained on dry and wet processes, spray and laser processes and end 
products. The water footprint of a pair of jeans considers the sum of the water footprint of 
each step, or process, required to manufacture it. From fibre production to fabric and apparel 
production, many production steps are taken place such as ginning, yarn production, indigo 
dying, weaving, sewing and finishing treatment operations. For that reason, the limits of water 
footprint calculations were determined in the present research and as a border, the finishing 
operations department of the company was determined. One pair of denim trouser (0.577 
grams) was determined as the functional unit. The system limit of the research is shown in 
figure 1 and blue water footprint given in figure 2 was decided to evaluate for the company. 

 The two most produced products in the company were decided to calculate water 
footprint. These products, which are named as Product 1 and Product 2 in the research, 
constitute 80% of the production of the washing department of the company such as 40% and 
40% (table 1). 

 In order to determine water consumption of the selected denim product, an inventory 
analysis was conducted for operational stages and personal use and cleaning. Input water was 
taken into consideration for every process stage, no recycled our reused water were not 
processed in the company. A detailed form was prepared, and the form was fulfilled by all 
staff working in the finishing department of the denim company. By interviewing a total of 
28 people in this department and other staff supporting the production was considered during 
personal consumption calculation. 
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Figure 1. General process flow of the denim company and system limits of the research 

Figure 2. Schematic representation of the components of a water footprint [4] 

Table 1. Process flow for product 1 and product 2 
Product 1 Product 2 

Rinse Rinse 
Stone washing Stone washing 

Bleaching Softening 
Neutralization Wringing 

Softening Drying 
Spray 

Wringing 
Drying  

 Water consumption according to different finishing processes was shown in figure 3 
and figure 4. The highest consumption values were determined for bleaching and 
neutralization after bleaching. Operational and personal consumption were considered 
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together, it can be said that a process improvement is needed to decrease water footprint 
for product 1 (figure 5). 

Figure 3. Water consumption of product 1 according to different finishing processes 

Figure 4. Water consumption distribution for processes of product 1 

Figure 5. Water footprint of operational consumption and human consumption for product 1 

 As seen in figure 6-7, when bleaching process was not used in production, the total 
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consumption of water decreases dramatically. By not using bleaching also neutralization, 
a darker colour is obtained obviously but if it can be explained to the customers well and 
customers are persuaded to use it, a high amount of water saving is possible. 

Figure 6. Water consumption of product 2 according to different finishing processes 

Figure 7. Water footprint of operational consumption and human consumption for product 2 

3. CONCLUSION

Today, determination the impact of any production or any action on the environment 
and reducing these impacts by taking precautions and saving our planet has become one of 
our biggest tasks. Carbon and water footprint evaluations may help to determine these harmful 
impacts on environment before acting for any precaution. In this research, within the washing 
limits of denim fabric production, which processes, or stages cause harm to the environment 
on the basis of water footprints were examined and evaluated for one pair of trouser as a 
functional unit. 

Certainly, assessment of water footprint does not solve all environmental problems of 
a company, but it simply shows the road map if the company want to start to do something 
for our world.  As a result of the research, there are some advice for the denim company. 

• Attempts may be done to reduce the amount of water used in Product 1, which
includes the bleaching process. 

• Ways to optimize the water level used in the current production processes in the
company and ways to reuse or recycle the water that is currently used in the same 
process or in a different area should be planned. 

• Low-flow water nozzles and faucets or faucet aerators can be used.
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• It can be focused on alternative finishing methods that can be made without 
water or with less water. 

• Particular attention can be given to colouring and patterning with laser 
applications which is more environment-friendly and sustainable process 
amongst other processes for denim apparel production. 
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Abstract: Microencapsulation technology has been increasingly used in textile industry due to give some 
peculiarities such as controlled released etc. In this study we aim to make aromatherapy sportswear using 
lavender oil. Lavender oil is encapsulated by different wall materials. Microcapsules were obtained by 
spray drying method. Differential scanning calorimetry, thermal gravimetric analysis, Fourier Transform 
infrared spectroscopy, morphological analyses were applied to microcapsules. Optimum microcapsules 
were applied to different fabrics. Fastness to washing and rubbing, SEM and antibacterial tests were 
carried out.  

Keywords: aromatherapy, lavender oil, microencapsulation, spray drying, textile finishing 

1. INTRODUCTION

Microencapsulation is a technique used to protect active substances from external 
influences by coating them in small droplets. This technology has preferably been used in 
the pharmaceutical, chemical and food industries to preserve and prolong fragrance, 
flavour or therapeutic effect [1,2]. Microencapsulation applications have succeeded in 
becoming one of the products that add value in the textile industry, create a competitive 
environment and difference, and increase its market share. In this study, it is aimed to 
obtain essential oil from Lavandula angustifolia plant, which has a pleasant smell and 
known antibacterial effect [3], and to use it in textile products. In this way, while the 
effect of this product, which has a limited lifespan, will be increased, and alternative 
sports and leisure clothes will be developed. 

2. MATERIALS AND METHODS

 In this study, knitted fabric from different natural and synthetic fibres was used. 
Gelatin (Gel), gum arabic (GA) and ethyl cellulose (EC) was used as shell material. Gel 
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was kindly donated from Sel Gel. Sigma-Aldrich branded GA and EC was employed. 
Lavender oil used as core material was obtained from by Doğal Destek A.Ş. (Tabia). 
Tween 80 was used as a surface-active agent and obtained from Merck. Tanatex Nano PU 
was employed as a binder. All other auxiliary chemicals used in the study are technical 
grade. 

Plants grown in the Southern and Central Aegean were harvested and lavender 
essential oil was obtained by using the water vapour distillation method. The composition 
of the essential oil was determined by gas chromatography-mass spectrometry (GC-MS). 
Microcapsules were obtained in different shells and core ratios using selected polymers by 
spray-drying method. The solutions prepared at the different concentrations were sprayed 
from the 0.5 mm nozzle into the spray dryer cabinet. The formulation of lavender oil 
capsules are given in table 1.  

Table 1. Formulation of Lavender oil microcapsules 

Formulation Polymer 
Lavender 

oil 
(%) 

Pump 
speed 

(ml/min) 

Inlet 
temperature 

(˚C) 

Outlet temperature 
(˚C) Yield (%) 

L1 
5% Gel 

4 10 140 90 34.2 
L2 6 5 140 90 31.9 
L3 8 5 140 90 32.8 
L4 3% Gel 5 2.5 125 85 37.7 
L5 10 2.5 125 85 26.6 
L6 2.1% Gel 0.5 2.5 125 85 39.1 

L7* 1.25% Gel 
0.85% GA 0.5 2 125 85 61.1 

L8 
3% EC 

3 2.5 115 85 63.0 
L9 6 2.5 115 85 72.4 
L10 9 2.5 115 85 78.1 

The compressor and air circulation speed were operated at maximum. The 
experiments were carried out in a Lab Plant brand SD-Basic spray drying device with a 
main cabinet size of 380 mm x 110 mm. The production yield of the lavender microcapsules 
was calculated according to the following equation: 

   (%)𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑐𝑐 𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝐴𝐴 (𝑔𝑔)
𝑇𝑇ℎ𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝐴𝐴𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑐𝑐 𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎𝐴𝐴 (𝑔𝑔)

× 100         (1) 

Morphology of the microcapsules is a good indicator for ideal capsule formation. 
Therefore, scanning electron microscopy (SEM) micrographs were taken. The chemical 
properties of microcapsules were examined by Fourier transformed infrared (FT-IR) 
spectrometry. The thermal resistance of microcapsules and behaviour of the essential oil 
were investigated through thermogravimetric analysis and differential thermal analysis 
system (DT/TGA). The optimum microcapsule formulation was applied to the different 
knitted fabrics used in sports and leisure garments according to the exhaustion method. 
The fabrics were examined using SEM micrographs for the presence of capsules on the 
fabrics and the determination of the effect of domestic washing and rubbing. The effect of 
microcapsule finishing on colour was determined. The antibacterial effect of the 
microcapsule treated fabrics was studied according to AATCC 147 standard. Permeability 
properties were evaluated before and after microcapsule application regarding air 
permeability and water vapour permeability tests using ISO 9237 and BS 7209 standards 
respectively.  
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3. RESULTS AND DISCUSSIONS

The composition of the lavender oil was revealed as 39.2% linalool and 34.7% 
linalyl acetate. The other active agents found in the essential oil were camphor, 1,8-
Cineole, β-ocimene, β-caryophyllene and borneol. Photomicrographss of gelatine, 
gelatine-gum arabic and ethyl cellulose micro particles formed using lavender oil are 
given in Figure 1. When the images of micro particles with 5% gelatine concentration 
were examined (L1-L3), collapses were observed in the capsule structure. It was thought 
that this could be due to the relatively high temperature required to dry solutions with high 
polymer concentrations. The drying effect at lower temperature, provided by using a low 
polymer concentration, resulted in an improvement in the capsule morphology (L4-L6). A 
lower aggregation tendency was observed in L7 coded micro particles prepared using a 
combination of gelatine and gum arabic polymer. When the images of the L8, L9 and L10 
samples, which were created using ethyl cellulose, were examined, it was determined that 
the micro particles obtained were small, spherical and had a smooth surface compared to 
other formulations. Microcapsules with ethyl cellulose walls were less likely to 
agglomerate, and the capsules were found to be more rounded. The production yield of the 
optimum formulation was calculated as 72.4%, which has one of the highest yield. 

L1 L2 L3 L4 L5 

L6 L7 L8 L9 L10 
Figure 1. SEM Micrograph of the optimum microcapsule formulation with lavender oil 

When the spectrum of lavender oil was examined, the broad band of the OH groups 
was seen in the range of 3600-3200 cm-1, and the peak of the CH3 groups was around 
2900 cm-1. The characteristic molecular groups of COOR and C=O and the peak of C=O 
stretching at 1735 cm-1 were determined. Both lavender and ethyl cellulose peaks were 
found in lavender microcapsules (figure 2). 
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Figure 2. FT-IR Spectra of EC-Lavender capsules 

TGA thermograms and DSC diagrams of ethyl cellulose, lavender oil and 
microcapsules formed with the oil are given in figure 3.  

Figure 3. TGA thermograms and DSC diagrams of lavender oil and EC micro particles 

When the TGA graph of ethyl cellulose is examined, a weight loss was observed at 
100°C due to the moisture in the material. Pyrolysis starts around 225°C and accelerates at 
300°C. It is known that the degradation temperature of ethyl cellulose is around 440°C 
[4]. When the graphs of lavender oil are examined, it is seen that the weight loss starts 
around 35°C and degrades around 125°C. A wide endothermic peak was observed in the 
range of 30-120°C in the DSC curve of lavender oil. TGA curves similar to ethyl cellulose 
were obtained when this oil, which evaporated at low temperatures, was confined to the 
ethyl cellulose shell. The mass loss at 150°C, where lavender oil is completely 
decomposed, is around 5% in L8, L9 and L10 formulations. 

151



SEM images of knitted fabrics with L9 formulation before washing, after 1 and 10 
washings are shown in figure 4. It was determined that the micro particles were 
successfully transferred to all the fabrics. It has been observed that the micro particles on 
the fabric and in the fibre spaces are especially concentrated in the areas covered with 
binder. A low rate of removal of micro particles from the fabric surface after washing 
indicates that permanent bonding based on 10 washings is achieved. 

No Wash 1 Washing 10 Washing 
Red 

95% PET 
5% EL 

Blue 
95% CO 
5% EL

Pink 
65% PET 
35% CV

Figure 4. Washing resistance of fabrics containing lavender oil microcapsules 

Another of the highest mechanical effects that leisure clothing faces is rubbing. It is 
important that the micro particles are permanently attached to the fabric exposed to friction. 
The images of the samples taken after the rub test from the lavender microcapsules applied 
fabrics are presented in figure 5. It was determined that the micro particles remained on the 
fabric after rubbing. 

Antibacterial essay results on fabrics containing lavender oil capsules are given in 
table 2. Gram-negative and gram-positive bacterial types were heavily grown for the 
control samples. Zone of inhibition was not observed against both E. coli and S. aureus 
bacteria in lavender-containing fabrics and lower bacterial growth was observed on the 
contact surface. 

Red Blue Pink 
Figure 5. Rubbing resistance of fabrics containing lavender oil microcapsules 
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Table 2. Antibacterial analysis results of fabrics containing lavender microcapsules 

Sample 

Gram Negative Bacteria Gram Pozitive Bacteria 
E.coli S.aureus

Inhibition 
Zone 

Growth on the 
Surface 

Inhibition 
Zone 

Growth on the 
Surface 

Control Not observed High bacterial growth Not observed High bacterial growth 
Microcapsule Treated 

Fabric Not observed Medium bacterial 
growth Not observed Medium bacterial 

growth 

Permeability properties of the cotton fabrics were determined before and after 
microcapsule application. Accordingly, capsule application was decreased the 
permeability of the fabrics due to blocking the spaces. Theoretically, binder and 
microcapsule applications are expected to reduce the permeability of fabrics as they block 
the pores in the fabric. While pristine cotton fabrics have 298.3 mm/s air permeability and 
904.7 g/m2/day water vapour permeability, lavender capsule applied fabrics reveal 292.7 
mm/s and 813.5 g/m2/day, respectively. However, there was no statistically significant 
decrease in both air and water permeability results (figure 6). 

Figure 6. Permeability properties of fabrics containing lavender oil microcapsules 

4. CONCLUSION

 The aim of this study is to develop sports and leisure clothes containing nano and 
micro sized capsules with lavender oil. In the manufacture of the capsules, polymers that 
skin-safe are used as shell polymers. An industrially applicable method, the spray drying, 
was chosen as the capsule production technique. Lavender oil was selected to provide 
both aromatherapy effect and odour control that may occur during workout. The 
developed products have potential for commercialization and suitable for industrial 
production. 
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Abstract: Today, sustainability is an imperative for industry, in all its sectors. The common focus is on 
achieving development that meets the needs of the present without compromising the future of the Planet and 
its People. 
In the field of fashion and textiles, this momentum toward sustainability translates also into an embryonic 
process of transformation of the material dimension. This positive transformation is characterized by the 
choice of new textile solutions supported by growing investments, radical experimentation, and a strong 
commitment to sustainability. Within this framework, there is a growing interest in bio-based materials, not 
only from material engineering experts, but also from designers who are starting to explore the possibilities 
offered by these materials through experiments more focused on design and aesthetics. According to the 
presented scenario, the proposed article investigates how to strategically implement the systematization of 
experiments in order to promote the development of an efficient and effective production chain for the growth 
of bacterial cellulose (BC). To do so, the authors will draw on the knowledge reservoir produced by the De-
FORMA project - of which they are all members. This project has just initiated experimentation around the 
systematization of growth processes and characterization of bacterial cellulose. Specifically, the materials and 
methods used during the project's initial research phases will be here introduced and illustrated. 

Keywords: bio-based materials; digital fabrication; fashion design; industrial transformation; sustainability 

1. INTRODUCTION

Today, Fashion finds itself in an era of transformation of the material dimension, and 
the driver behind the choice of new textile solutions is growing investment, radical 
experimentation, and a firm commitment to sustainability. Precisely, the theme of 
sustainability can be addressed according to different interpretations, which can touch the 
aspects of design, process, material and distribution, but also cultural and perceived. The 
modern spirit of textile innovation is characterised by the expansion of synthetic and re-
engineered fibres. Within this framework, there is a growing interest in bio-based materials, 
not only by materials experts with an engineering background, but also in a relevant way by 
designers [1-4], who are exploring the possibilities offered by these materials through 
experiments more focused on the design and aesthetic aspects. This industry is one of the 
largest industrial sectors in the world. The fashion supply chain is dynamic and complex, 
extending over several tiers including design, raw material production, manufacturing, 
distribution, and collection. The commitment to textile research and development should 
come as no surprise. On one hand, fashion industry needs to address its impacts as it is 
considered a key contributor to several environmental and social issues. Its negative action 
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is reported all along its supply chain from the production process to consumer disposal [5-
7]. Here, particular attention is paid to the stages in the procurement process and 
manufacturing flows. According to Chaves and Villalobos (2021) the industry is responsible 
for exploitation of natural resources, energy consumption, waste production, CO2 emission, 
indiscriminate use of synthetic materials, among others [8]. Quantis reported that apparel 
and footwear industries account for 8% of the world’s greenhouse gas emissions, almost as 
much as the total carbon impact of the EU. The apparel industry alone accounts for 6.7% of 
the world’s greenhouse gas emissions, with more than 50% coming from 3 phases: fibre 
production (15%), yarn preparation (28%), and the highest impact phase – dyeing & 
finishing (36%) [9]. About water usage, almost 93 billion cubic metres of water are 
consumed every year in the garment industry, which could be enough to satisfy the needs of 
5 million people. In addition, around 20% of the world's wastewater is the direct result of 
dyeing and fabric treatment practices. Often at the end of the cycle, this untreated 
wastewater is pumped back into our water systems, contaminating its contents with toxins 
and heavy metals [10]. Furthermore, textiles are the largest source of primary micro plastics 
(specifically manufactured to be smaller than 5mm), accounting for 34.8% of global micro 
plastic pollution [11]. In parallel with these environmental aspects, social aspects cannot be 
neglected. As discussed by Mukherjee (2015), the industry has an important role in 
nurturing an unfair system based on globalisation, vulnerability of global capital and 
subsequent volatile employment opportunities in the developing countries, growing 
feminization of the workforce, workers’ rights, their health and safety, among the others 
[12]. On the other hand, Fashion is a cultural and creative industry which has as its main 
objective the production or reproduction, the promotion, distribution or commercialization 
of goods, services and activities of content derived from cultural, artistic or heritage origins 
[13]. Thus, Fashion industry combines two separate dimensions: an intangible – its cultural, 
artistic or heritage origins - with a tangible one. This material medium through which to 
express all these meanings is precisely the textiles. Because materials serve as this medium, 
their role is critical. It is therefore not surprising that fashion is intransigent when it comes 
to fabrics. Aesthetic-symbolic parameters become fundamental when choosing a particular 
material: even a small change can have a big impact on the selection of that material [14]. 
Considering the importance of materials in the fashion industry, it is easy to see why textiles 
are a fertile ground for experimentation. Specifically, the last few years have seen an 
increasing interest around biomaterials. This because brands search for more sustainable 
alternatives against their environmental and social impacts. Wider trends are further 
contributing to this interest such as climate change, the potential for lower carbon footprints, 
the will to abandon fossil based synthetic materials, and the war on plastics [14]. Thus, the 
next big thing in fashion could be bio-based materials as they are focusing the industry 
attention, as well as shaping its sustainable future [1]. In this context, the paper explores the 
innovative character of the project De_FORMA. De_FORMA (Design Explorations on bio-
Fabricated ORganic MAterials) research project aims to support the shift of focus from the 
simple growth of the crop to its planning and design in relation to possible applications. By 
building a material from scratch, it is possible to modify the traditional processing chain, 
anticipating needs and constraints currently left to post-production. This could enable new 
production and business paradigms. 

2. DEFINING BIOS

Today, bio-based textiles are catalysing sustainable innovation efforts in material 
development. Increasingly more companies and designers are starting to work on radical 
and green innovations for the production of naturally-based materials characterized by 
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sustainable performances. Several research and development opportunities are therefore 
being pursued in the bio-based materials area. Of these many opportunities available for 
fashion designers, this paper will focus on a specific dimension: the bio-fabricated 
materials, which, thanks to their intrinsic characteristics of sustainability and flexibility, 
offer new ways of thinking about conventional textile manufacturing. But what a bio-
fabricated material is? To define it, the terminology about biomaterials and their derivates 
has been adapted from the biomedical field, but the authors select the interpretation that fits 
more for the fashion industry. According to this, the definition adopted is the one proposed 
by Biofabricate and Fashion for Good in their last report "Understanding ‘bio’ material 
innovation". This report considers everything falling under the umbrella term “biomaterial”. 
All biomaterials are bio based but the biological component can largely vary from less than 
10% to 100% [15] (figure 1).  

Figure 1. ‘Defining Bio’ Biofabricate and Fashion for Good, UNDERSTANDING “BIO” 
MATERIAL INNOVATION: a primer for the fashion industry, December 2020 

Bio-fabricated material is “the production of complex living and non-living 
biological products from raw materials such as living cells, molecules, extracellular 
matrices, and biomaterials.” [15]. This kind of materials cover two sub-categories: Bio-
fabricated ingredients and bio-assembled materials. Bio-fabricated ingredients “are building 
blocks produced by living cells and microorganisms e.g. complex proteins like silk or 
collagen. They need further mechanical or chemical processing in order to make a 
macroscale material structure”[15]. Bio-assembled material “is a macroscale structure that 
has been grown directly by living microorganisms such as mycelium or bacteria” [15]. The 
present work focuses on one specific bio-assembled material: the bacterial cellulose (BC). 
As discussed by Amorin, BC is composed of cellulose nanofibers secreted extracellularly by 
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some bacteria [16]. This is an innovative raw material characterized by ecological, 
renewable and organic properties [17,18]. BC has a high degree of crystallinity, tensile 
strength, thermal stability, biodegradability, elasticity and porosity [19]. Furthermore, it is to 
be safe for contact with the human body [17]. 

BC appearance, which is similar to leather, allows it to be considered as a new type 
of sustainable fabric that can be manufactured from several sources [17]. Despite the 
interesting characteristics of bacterial cellulose, there is still no systematization of the 
several experimentations and the possibility of scaling up the one-off experiments into a 
systematized process for the fashion industry seems yet a long-term perspective. BC is 
inherently sustainable as it is renewable and biodegradable, but current experiments do not 
consider the production system from the perspective of circularity, integration, and 
optimization with potential applications. 

3. MATERIALS AND METHODS

According to the aforementioned issues, the authors are part of a research group in 
Politecnico di Milano that launched experimentation around the systematization of growth 
processes and characterization of BC. The experimentation explores and verifies the mutual 
collaboration between bio-manufacturing processes and Digital Fabrication (DF) through 
the filter of design as a holistic discipline. These are the premises from which the 
De_FORMA project was born. Through the use of DF as an enabler for the construction of 
ecosystems for the cultivation of BC, De_FORMA aims to explore the possibility of 
constructing an experimental and flexible production system. The developed system could 
allow innovative practices such as a prior integration of formal choices, surface/aesthetic 
treatments, and additional elements, in a logic of zero waste. Methodologically the project 
follows four consecutive phases to produce iterative knowledge: (1) theoretical analysis, (2) 
research methodologies, (3) experimental verification of evidences, (4) dissemination of 
results. The whole process is being conducted in a systematic way, including the analysis 
and evaluation of results and errors. Now, the project is in progress and heading towards the 
conclusion of the third step with mature crops being hacked to understand the possibilities 
offered to the designers. The first step (1) was a theoretical analysis of the state of the art to 
frame BC research and design opportunities. This analysis phase allowed an exploration of 
BC evolution through an in depth literature review and mapping of case studies. The case 
studies were all best practices that have distinguished themselves for their work on two 
specific dimensions. Some case studies focus their work on enhancing growth processes in 
terms of production (e.g. culture techniques, morphogenesis, and processes), integration 
(e.g. other materials, colours, sensors, and actuators), and application (e.g. fashion, health, 
and lighting). Other case studies work on production chains in the DF context. Furthermore, 
this step has led to identifying inferences between GM and process and product design. The 
second step (2) aimed at defining a set-up for bacterial cellulose culture. The methodology 
applied to carry out this second step was akin with the experimental research [20] which 
creates a filter for the systemic analysis of the causal relationships between the variables 
involved, such as: growth of the material, manufacturing process(es) and insertion of 
components within the material itself. This dichotic process of controlling and monitoring 
was repeated in an iterative manner and supported by the application of techniques and 
processes typical of the design activity (design and realisation of tools, supports and 
prototypes). As a result, a suitable configuration for the culture of bacterial cellulose was 
identified. The third step is currently happening and is based on experimental verification of 
the evidence for the formulation of replicable standards. In this phase (3), empirical tests are 
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carried out to verify the processes of culture and growth of BC and its hybridisation with 
other materials and/or sensors, in order to define and evaluate possible fields of application. 
Various set-ups are being defined and applied for the culture of BCs, to be monitored 
according to qualitative and quantitative parameters (e.g. time and homogeneity of growth, 
olfactory quality). The monitoring of the growth process, is allowing understanding how to 
intervene through ad-hoc systems and instruments, realised using DF technologies present 
in the laboratories involved in the project (figure 2). This further step will now allow to 
define material and formal characterisation variables, with particular attention to surface 
qualities (e.g. texture and flexibility), optical qualities (e.g. transparency and colour), 
volumetric qualities (e.g. thickness), and the relative technical profile.  

Figure 2. BC monitoring. Credit: De_FORMA project (2021) 

In this context, the heterogeneous competences of the teammates are functionally 
used as a resource to identify possible fields of application and to support the next and last 
step of the project which aims at the dissemination of the findings. 

4. RESULTS AND DISCUSSIONS

 In regard to the broader investigative picture conducted in De_FORMA, the 
contribution focuses on the strategy implemented for the systemization of experiments, 
in order to promote the development of an efficient and effective production chain for 
the growth of bacterial cellulose. In detail, through the use of digital fabrication, it is 
possible to prototype pilot experiences on a small scale, to test the real feasibility of 
some insights, such as the approach to a zero-waste production system, the integration of 
additional elements during the growth of the material, the a priori design of the aesthetic 
and perceptual parameters of the material. Thanks to the use of additive manufacturing, 
it was possible to create growth chambers specifically designed to optimize some 
fundamental steps that bacterial cultures require. Just the redesign of these elements 
within the prototyping of the production chain has made it possible to make the growth 
of the material more efficient and controllable the final result. As designers, the 
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components of sustainability and quality and attention to aesthetics are crucial when 
conducting materials investigations. From the sustainability point of view, Although 
GMs are inherently sustainable as they are renewable and biodegradable, current 
experiments do not consider the production system in terms of circularity, integration 
and optimization with potential applications. We frequently witness a design exercise, 
which does not consider the applicative and functional evidence of the material's 
technical, sensory and intangible characteristics. De_FORMA wants to be the missing 
link between this experimental trend and the concrete possibility of transforming 
bacterial cellulose into a material that can be integrated into sustainable production 
chains and re-produced according to stable effective systems. In this sense we can 
recognize a level of attention to environmental sustainability: 

• of the material, which is bio-based and pre-designed to avoid the generation
of subsequent waste;

• of the production process, which adopts Digital Fabrication as an enabler,
thus using organic polymers;

• of the impact on the application fields, for example, counteracting the impact
that is being recorded in the textile sector (due to fast-fashion), or in the
lighting and consumer electronics sector (with regard to the disassembly and
recycling of components).

Transforming the traditional manufacturing processes through design thinking and 
digital fabrication has implications in terms of cultural sustainability in the definition of 
new knowledge useful to be encoded in new open-ended knowledge systems. Besides, 
De_FORMA project focuses on the programmability and assessment of the aesthetic 
features of the bio-manufactured living materials, functionalized to the application in the 
initial design stages. The aesthetics dimension is closely dependent both on functional 
aspects and sensory perception. Working on the intrinsic characterization of a "living" 
and "growing" material is a significant and attractive challenge for designers, who can 
operate on colonies of bacteria/yeasts to encode the aesthetic aspects of the final bio-
fabricated material (figure 3). 

Figure 3. BC "growing" material enlarged under the microscope. Credit: De_FORMA 
project (2021). 
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The aesthetic aspects, on which it is intended to intervene, because relevantly 
perceived by users in contact with the finished product, are: 

• surface qualities, e.g. consistency, flexibility, texture;
• optical qualities, e.g. transparency, colours, photoluminescence;
• volumetric qualities, e.g. thickness and weight.

When sensors and actuators are integrated into the material, it will be able to 
transform itself according to predefined inputs or to variation of parameters subject to 
direct monitoring, creating in fact a "smart" material, whose aesthetic features are 
dynamic and programmable. The characteristics of the scoby to be water resistant but 
not waterproof once dried, ensures easy disassembly of electronic components from the 
smart material, promoting its environmental sustainability at the end of its life cycle. 
The whole growing process will offer practitioners a direct feedback on materials 
properties, showing the direct correlation and interdependence between conceptual ideas 
and real-life ones. In this way, the aesthetic of a single material will become an 
expression of the process itself and of the cooperation between designers and other 
beings, increasing awareness of prime matter use and design. Aesthetics evaluation will 
be performed taking into account users’ tactile, visual, and olfactory ex periences along 
with assessing their emotional and intangible impact. To further all these aspects, the 
best geometries for the construction of the growth chambers are currently still being 
tested, as well as different mediums in which to grow BC in the shortest time and with 
the best aesthetic quality.  

5. NEW POSSIBLE SCENARIOS

Within the vision of scaling up the production process of these promising materials, 
the systematisation of experiments, procedures and process monitoring are basic steps to 
ensure an appropriate starting point for producing grown bacterial cellulose on a larger scale 
[6]. Certain studies [21,22] affirm that the gestation time between the discovery of a new 
material and its widespread commercialisation may present a gestation time of about 20 
years in average. To speed up this process, it becomes fundamental to build a concept with 
the innovation, demonstrate its potential and formally being approved into, e.g., new 
products to access the market [23]. Imagining growing materials as industrial level products 
or semi-products requires, then, a well-known data and an accurate repeatability for the 
production process itself. Defining some standards to be maintained all along the production 
line is fundamental to envision the application of BC as a material for the fashion industry. 
Therefore, the properties and intrinsic qualities of the grown material need to be accurately 
measured, but also material behaviour under operational processes and compatibility with 
other materials as well will be analysed Also, an accurate reflection on the possibility to 
reuse the material at the end of product’s life could be an interesting insight on which future 
works could be addressed. However, whatever the purpose of the investigation it will be, it, 
becomes mandatory to start with the characterisation of the obtained materials towards 
technical, sensorial, aesthetical and sustainability properties analysis, to effectively envision 
the  grown BC as a candidate alternative in the competitive market of materials for design, 
and specifically, for the fashion industry. In this perspective, future works on the project 
will focus on the material characterisation with a particular attempt to correlate production 
process and material properties, creating a portfolio of possible combinations, or 
enlightening the procedures to grow materials with already intended properties.  
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6. CONCLUSIONS

 Given the initial results collected and the reflections made on possible future 
application scenarios, a program for the development of the experiment has been outlined. 

 The innovative character of the project De_FORMA lies in the shift of attention 
from the simple growth of the crop to its programming and design, depending on possible 
applications. By building material from scratch, it will be possible to modify the traditional 
production chain, anticipating needs and constraints that are currently delegated to post-
production. This could enable new productive and entrepreneurial paradigms. The 
participants in the project, although they all have a background that can be associated with 
the discipline of Design, come from very divergent fields of research and practice, giving a 
strong added value of multidisciplinary. The transversal know-how of the participants offers 
a synergistic intersection able to enhance, integrate and develop knowledge, converging on 
methods, tools and models. In summary, the innovative character of De_FORMA is to have 
addressed a topic related to the growth of microorganisms with a design approach. The 
ultimate aim of the project is to expand the material production potential in view of design 
and circular economy, embracing a sustainable development perspective and following the 
material biological cycle. 

 Although the experiments have not yet reached a level of maturity, we can already 
confirm some of the insights gained at the beginning of the project, while other 
optimizations have not yet been achieved. In particular, the idea of making products 
completely zero waste starting from the use of this material has not yet found a viable 
solution in a standardized and effective way: this is because during the drying phases, the 
edges of the BC assume greater rigidity and a different colour than the rest of the piece. For 
this reason the project cannot yet be said to be concluded and scalable, although interesting 
observations have already been developed that are producing two derived lines: one starting 
from the intrinsic chromatic changes of the material, one from the reuse of filaments 
considered as waste. Current evidence is suggesting that the development of strategies 
around BC can lead to a deep systemic renewal of the production cycle of new materials all 
to be designed, thanks also to the typical design culture of designers.  
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Abstract: In this study, it was achieved that crosslinking of PVP/GEL nanofibers with two-steps. Crosslinking 
is a process highly important for water-soluble polymers in terms of application areas and mechanical 
properties. Firstly, crosslinking of PVP polymers experimental studies were carried out via heat treatment at 
different temperatures and times. Then, GEL polymers were crosslinked with GTA vapour at different times. 
Morphological analysis was carried out via SEM images and chemical characteristics were determined via 
FT-IR analysis. Moreover, after the crosslinking process, SD and WL values were calculated. All results 
showed that before crosslinking of SEM images, nanofibers were smooth, fine and without beads. The average 
fiber diameter is 196 nm and the fiber diameter distribution is quite uniform. After crosslinking of SEM 
images, it is expected that all nanowebs will turn from fibrous surfaces to membranous. Generally, SD and WL 
values decrease with crosslinking time increase. According to all of the SEM images, SD and WL values, 
optimum conditions were determined for PVP as 4 hours at 180oC and for GEL as 24 hours. Lastly, the 
presence of PVP and GEL polymers in the nanofiber structure was verified chemically with FT-IR analysis. 

Keywords: crosslinking, electrospinning, gelatin, nanofiber, poly(vinyl pyrrolidone) 

1. INTRODUCTION

Poly (vinyl pyrrolidone) (PVP) is a water soluble, biocompatible, nontoxic, 
synthetic and hydrophilic polymer. Similarly, gelatin (GEL) is a natural, protein-based, 
non-immunogenic, biodegradable, and biocompatible polymer. All of these features are 
critical in biomedical and cosmetic applications such as wound dressing, tissue 
engineering, drug delivery and controlled release systems [1-3].  

Electrospun nanofibers have unique properties than conventional fibers, such as 
small fiber diameter (nm), high porosity, small and open pore structure, large specific 
surface area (m2/g), and high loading capacity. However, if a water-soluble polymer is 
used during the production of nanofibers, it may be necessary to make them water 
resistant depending on the application areas. Crosslinking is a method used to make 
nanofibers water resistant. After the crosslinking process, the polymers become stable in 
water and aqueous environments. When the literature is analyzed, generally, the PVP 
polymer is crosslinked using heat treatment or UV light. It is seen in the literature that 
PVP based nanofibers are crosslinked using heat with different temperature ranges from 
140°C to 210°C and different times, such as 14 min., 30 min., 1 hour, 2 hours, 3 hours 
etc. [4-5]. GEL nanofibers are mostly crosslinked chemically using glutaraldehyde 
(GTA). Here, GTA was either added directly into the polymer solution or the 
nanofibrous surface was exposed to GTA vapors for different times (1 hour, 3 hours, 6 
hours, 12 hours, 24 hours, and 48 hours etc.) at room temperature. Moreover, some 
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researchers immersed the gelatin based nanoweb into the GTA solutions for crosslinking 
[6-7].  

In this study, it was aimed at crosslinking and characterizing PVP/GEL 
nanofibers. Crosslinking of two different water-soluble polymers in a single nanoweb is 
very limited in the literature. Moreover, crosslinking of nanofibers consisting of both 
PVP and GEL polymers has not been reported in the literature yet. 

2. MATERIALS AND METHODS

2.1 Materials 
In this study, PVP (360.000 g mol-1) was used as a polymer and GEL from porcine 

skin (gel strength 300, Type A) was used as a copolymer. Ultra-pure water (UPW) and 
acetic acid (AA) were used as the solvents. Glutaraldehyde (GTA) was used as a 
crosslinker. PVP, GEL, GTA, and AA were purchased from Sigma-Aldrich Corporation (St. 
Louis, MO, USA) and UPW was obtained from a Millipore Milli-Q System with a 
conductivity of 18.0MΩ.cm. The polymer concentrations were kept constant for PVP and 
GEL at 12 wt % and 0.72 % wt, respectively. 

2.2 Methods 
Nanofibers were produced using an electrospinning method. During the 

electrospinning process, 26.4 kV voltage, 0.3 mL/h feed rate, 17.0 cm distance between 
electrodes, 33±2% humidity, and 23.5±1ºC temperature were applied. The optimum process 
parameters were determined from our preliminary studies.  

The crosslinking process was carried out in two steps. Firstly, optimum conditions in 
terms of temperature and time were determined by performing crosslinking of PVP polymer 
in a vacuum oven at different temperatures (150ºC, 180ºC, and 200ºC) and at different times 
(1, 2, 3, 4, and 5 hours). In the second step, the GEL polymer was crosslinked with GTA 
vapors. For this purpose, optimization studies were carried out by placing the nanofibers on 
the perforated porcelain tray of a 25 cm diameter desiccator containing 10 mL of GTA and 
keeping them at room temperature (24ºC) for 3, 6, 12, 24, and 48 hours.  

After crosslinking optimization studies, nanowebs were investigated 
morphologically by SEM images with 5.000x magnification. Then, the crosslinked 
nanofibers were soaked in distilled water at room temperature (24ºC) for 24 hours and the 
weight loss (WL) and swelling degrees (SD) were calculated. The samples' water resistance 
was tested, and the weight loss ratio of the samples was determined using Eq. 1, where W0 
represents the initial weight of the samples and W1 represents the dry weight of the samples 
after water treatment. The swelling ratio was evaluated in the same method as the weight 
loss tests, using Eq 2, where W2 is the weight of the swelled samples and W1 is the weight 
of the dry samples after water treatment was applied. 

𝑊𝑊𝑊𝑊(%) =
𝑊𝑊0 −𝑊𝑊1

𝑊𝑊0
(1) 

𝑆𝑆𝑆𝑆(%) =
𝑊𝑊2 −𝑊𝑊1

𝑊𝑊1
(2) 

In addition, a Fouirer Transform Infrared Spectrophotometer (FT-IR) was used to 
chemically determine the presence of polymers (PVP and GEL) in the structure of 
nanofibers. The device used was a Perkin Elmer Spectrum BX model device with a 2 cm-1 
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resolution between 400 and 4000 cm-1 wavelength and was used in accordance with the KBr 
disc technique to obtain the results. 

3. RESULTS AND DISCUSSIONS

For this study, SEM images of PVP/GEL nanofibers were taken (with various 
magnifications) before and after the crosslinking process. Before the crosslinking process, 
SEM results and histogram curve of electrospun PVP/GEL nanofibers are given in figure 1. 

a b 

c 
Figure 1. SEM images and fiber diameter histogram of PVP/GEL nanofibers before 

crosslinking 

According to figure 1, it has been seen clearly that nanoweb quality is good and 
quite smooth and fine nanofibers can be obtained. Furthermore, the average fiber diameter is 
196 nm, there is a unimodal histogram curve, and the fiber diameter distribution is uniform.  

SEM images of crosslinked PVP/GEL nanofibers at optimum process parameters are 
given in table 1. SEM images showed that all crosslinked nanofibrous surfaces turned into 
membranous structures as expected result. It is seen that the fibrous structure is more 
preserved as the processing time and temperature increase. 
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Table 1. SEM images of PVP/GEL nanofibers after crosslinking and swelling tests at 
various conditions. 

Crosslinking 
conditions 

SEM image after two-step 
crosslinking 

SEM image after 24 hours in 
distilled water at room temperature 

(24ºC) 

4 hours at 
180ºC 

3 hours at 
GTA 

4 hours at 
180ºC 

6 hours at 
GTA 

4 hours at 
180ºC 

12 hours at 
GTA 

4 hours at 
180ºC 

48 hours at 
GTA 

2 hours at 
180ºC 

24 hours at 
GTA 
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3 hours at 
180ºC 

24 hours at 
GTA 

4 hours at 
180ºC 

24 hours at 
GTA 

5 hours at 
180ºC 

24 hours at 
GTA 

4 hours at 
200ºC 

24 hours at 
GTA 

After swelling tests, SD and WL values of PVP/GEL nanofibers were calculated 
under various crosslinking conditions using equations 1 and 2 which were explained in the 
methods part. The results are given in table 2. 

Table 2. SD and WL values of PVP/GEL nanofibers after swelling test 
Crosslinking conditions SD 

(%) 
WL 
(%) 

4 hours at 180ºC 
3 hours at GTA 1130 27.71 

4 hours at 180ºC 
6 hours at GTA 862.29 23.75 

4 hours at 180ºC 
12 hours at GTA 356.60 15.87 

4 hours at 180ºC 
24 hours at GTA 271.62 11.90 

4 hours at 180ºC 
48 hours at GTA 281.96 12.85 
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2 hours at 180ºC 
24 hours at GTA 268.86 23.39 

3 hours at 180ºC 
24 hours at GTA 214.49 20.28 

4 hours at 180ºC 
24 hours at GTA 224 9.63 

200 ºC’de 4 saat 
GTA’da 24 saat 282.83 18.78 

Crosslinking results show that crosslinking could not be achieved at 150ºC. 
Although experiments were carried out at different times, it was seen that the temperature 
was insufficient. As the holding time at 180ºC decreases, it is clearly seen that the surface 
passes through from the fiber form to the membrane form. It was observed that the 
nanofiber surface almost completely preserved the fiber form from the SEM images taken 
after crosslinking at 200ºC, but this fiber form disappeared in SEM pictures captured after 
the swelling test. It was decided that the temperature of 200ºC was not suitable for the 
crosslinking process for PVP polymer, considering both the high temperature and the values 
of SD and WL. For this reason, in the first stage of the study, it was decided that the process 
time of 4 hours at 180ºC was optimum. 

Similarly, in the second stage of the study, it was observed that the nanofibrous 
surfaces tried to protect the fiber form as the processing time increased in the GTA 
application. However, because the SD and WL values were higher, there was no 
significant difference between SEM images, and the procedure duration was longer, it 
was determined that the optimum time would be 24 hours rather than 48 hours. 

FT-IR spectroscopy confirmed the presence of PVP and GEL polymers in the 
chemical structures of the nanofibers (figure 2).  

Figure 2. FT-IR spectra of PVP and GEL polymers and PVP/GEL nanofibers 
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There is an OH stretching intensive peak that was attributed to the presence of water 
at 3434 cm-1. This intensive peak appeared crosslinked PVP/GEL nanofibers at 3446 cm-1. 
There is another peak that occurred related to C=O at 1654 cm-1 in the spectra of PVP. This 
peak arises from the spectra of PVP/GEL nanofibers at 1659 cm-1. Similarly, there were 
three major absorption bands in the spectra of gelatin and nanofiber samples: amide I (C=O 
stretch), amide II (N–H bend and C–H stretch), and amide III (C–N stretch plus N–H in-
phase bending). In the spectra of gelatin, amide I, amide II, and amide III peaks were shown 
at around 1705 cm-1, 1516 cm-1, and 1232 cm-1, respectively. These characteristic peaks 
were determined in the spectra of the nanofibers [8]. 

4. CONCLUSIONS

This study achieved optimization and characterization of crosslinked PVP/GEL 
nanofibers. According to the results, 4 hours at 180ºC for PVP and 24 hours at GTA 
vapors for GEL were selected as the optimum. Crosslinking of PVP/GEL nanofibers in 
two steps could be carried out successfully. At the end of this study, these two polymers 
can be used in many application areas involving aqueous media. Thus, it is thought that 
the crosslinking of these two polymers commonly used in biomedical applications in a 
nanoweb will contribute significantly to the literature. 
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Abstract: In this study, it was achieved that the production of St. John's Wort oil loadad Eudragit RS 100/PVA 
microcapsules by emulsion/solvent evaporation method and the microcapsules were embedded in PVA 
nanofibers. Morphological analysis was carried out with SEM images of both microcapsules and nanofibers. 
The presence of St. John's Wort oil, PVA and Eudragit RS 100 polymers were confirmed in the chemical 
structure of microcapsules and nanofibers by FT-IR. According to experimental studies, microcapsules were 
produced to have a smooth surface, a spherical shape and a uniform particle size. The PVA concentration was 
kept constant at 10% wt and microcapsule concentrations were applied as 1, 3, 5, 7, and 9 wt %. Then, 
polymer solution properties were measured, such as conductivity, viscosity, and surface tension. It was 
determined that viscosity and surface tension values increased with microcapsule concentration increase, 
while conductivity did not change significantly. Nanofiber production was realized via the electrospinning 
method under the optimum process parameters. According to the SEM images and histogram, nanowebs have 
a fine fiber diameter, smooth surface, high quality and no bead structure. In addition, the average 
microcapsule size is 30 µm, average fiber diameter is 430 nm and the fiber diameter uniformity coefficient is 
1,014. It is thought that this nanofiber surface containing microcapsules embedded in St. John's Wort has the 
potential to be used as a wound dressing. 

Keywords:  electrospinning, emulsion/solvent evaporation, microcapsule, nanofiber; St. John's Wort oil 

1. INTRODUCTION

Eudragit RS 100 is a biocompatible, low-cost, high-strength, water-insoluble 
polymer that is commonly utilized as a wall material in extended-release microcapsules. 
Due to its low permeability, it is advantageous for drug release. In addition, Eudragit RS 
100 is an easy-to-use and easy-to-process polymer in all forms, such as aqueous 
dispersions, granules, organic solutions, powders or ready-to-use powders [1]. As a core 
material to load into microcapsules within the scope of the study, St. John's Wort oil is a 
medicinal plant that has been used for centuries for burns, wounds, inflammation of the 
skin, nerve pain and stopping bleeding. Hypericum perforatum L. has antibacterial, 
antimicrobial, antiviral, and anti-inflammatory effects as a pharmacological effect [2-4]. 
The emulsion/solvent evaporation method is the most common method used for 
microencapsulation of water-insoluble agents. Furthermore, the fact that oil-loaded 
microcapsules do not leak or crack after production contributes to the advantages of this 
technology. As that solvent can be evaporated rapidly by itself, by heat, or by mixing 
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during production, there is no need for an addition to the system, making production 
easier and faster [5-6]. 

In literature, nanofiber incorporation of St. John's Wort oil studies are very 
limited. Girgin and Cengiz Çallıoğlu produced Poly(vinyl pyrrolidone) based nanofibers 
with different concentrations of St. John's Wort oil by emulsion electrospinning. They 
incorporated St. John's Wort oil into the nanofibers successfully and indicated that the 
biocompatible nanofibrous surfaces can be used as a wound dressing [7]. In this study, it 
was aimed at producing St. John's Wort oil loaded microcapsules via the 
emulsion/solvent evaporation method and then, production of PVA nanofibers 
containing microcapsules by the electrospinning method. In addition, considering the 
limited number of studies about nanofibers containing microcapsules in the literature, it 
can be said that this study will make a great contribution to the literature. 

2. MATERIALS AND METHODS

2.1 Materials 
For microcapsule production, Eudragit RS 100 (Evonik Röhm GmbH) and Polyvinyl 

alcohol (Mn=88,000, 88% hydrolyzed) were used as shell materials. St. John's Wort oil 
(Botalife, Isparta, Turkey) was used as a core material. Polyvinyl alcohol (Mn=88,000, 88% 
hydrolyzed) was used as the main polymer, distilled water and chloroform (Sigma-Aldrich 
Corporation (St. Louis, MO, USA)) were used as the solvent for nanofiber production. 

2.2 Methods 
Initially, microcapsules were produced by a solvent/evaporation technique. While 

producing microcapsules first, the oil phase and water phase were prepared to generate 
emulsion. The Eudragit RS 100 polymer was dissolved in chloroform to form an oil phase. 
The core ingredient, St. John's Wort oil, was then added. Meanwhile, the water phase was 
prepared by stirring PVA and the surfactant with pure water in a high-speed mixer. Then, 
the oil phase was added dropwise to the water phase and mixed in a high-speed mixer for 
1.5 hours at 350 rpm. Finally, washing with 100 mL distilled water, filtering, and drying 
processes at room temperature were carried out. Then, a polymer solution containing 10 wt 
% PVA and 1, 3, 5, 7 and 9 wt % microcapsules were prepared to produce nanofibers (Table 
1). The polymer solutions were characterized by conductivity (Selecta CD 2005), viscosity 
(Lamy Rheology, B-One Touch Screen) under shear rate of 5 s-1 and surface tension (Biolin 
Scintific Sigma 702) by the Du Noüy ring measurements. Nanofibers were produced with 
the electrospinning method under process parameters such as 21.7 kV voltage, 1.5 mL/h 
feed rate, 18.1 cm distance between electrodes, 30±2% humidity, and 25.5±1°C 
temperature. The composition of PVA polymer solutions with various microcapsule 
concentrations is given in table 1. 

Table 1. Composition of PVA polymer solutions with microcapsules 
Sample Codes PVA Concentration (%) Microcapsule Concentration (%) 

PVA-0 10 0 
PVA-1 10 1 
PVA-3 10 3 
PVA-5 10 5 
PVA-7 10 7 
PVA-9 10 9 

After experimental studies, both microcapsules and nanowebs were investigated 
morphologically by SEM images with different magnifications. ImageJ software was used 
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to measure the diameters of 100 fibers obtained from various parts of the electrospun web. 
The number average and weight average values were estimated using the following 
equations.  

𝐴𝐴𝑛𝑛 = ∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
∑𝑛𝑛𝑖𝑖

 (number average) (1) 

𝐴𝐴𝑤𝑤 = ∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
2

∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
 (weight average) (2) 

where di is fiber diameter, ni - fiber number. 
The ratio of Aw/An was used to obtain the fiber uniformity coefficient, the same as it 

did for molar mass distributions. An optimum value is close to 1, which indicates fibers that 
are uniform in size [8]. The histogram curve for fiber diameter was provided in the form of 
SPSS.  

In addition, FT-IR analysis was performed to determine the presence of 
microcapsules in the nanofiber structures. 

3. RESULTS AND DISCUSSION

For this study, firstly microcapsule production was carried out via the 
emulson/solvent evaporaton method. SEM images of St. John's Wort oil loaded Eudragit RS 
100/PVA microcapsules are shown in figure 1. 

Figure 1. SEM images of microcapsules (500x and 1.000x) 

As seen from the SEM images, St. John's Wort oil loaded Eudragit RS 100/PVA 
microcapsules have a spherical shape, a smooth surface and uniform particle size 
distribution. Average microcapsule size is 30 µm. Solution properties (conductivity, 
viscosity and surface tension) of PVA solutions include different concentrations of 
microcapsules' were measured. The results of solution properties are given in fgure 2. 

According to figure 2, it has been seen clearly that viscosity and surface tension 
increased with microcapsule concentration increase. However, conductivity did not change 
significantly. The morphology of PVA-0 nanofibers was investigated via SEM images and 
histogram (figure 3).  

From the SEM images of figure 3, it has been observed that good nano web quality, 
fine, uniform and bead-free nanofibers were obtained. As it has been seen from the 
histogram, the average fiber diameter is 430 nm and the fiber diameter uniformity 
coefficient is 1.01. Moreover, there is a unimodal histogram curve and the nanofibers are 
quite uniform.  
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(a) (b) 
Figure 2. Solutions properties of PVA polymer solutions with different concentration of 

microcapsules a) Viscosity and conductivity b) Surface tension 

Figure 3. SEM images (1.000x and 10.000x) and histogram of PVA-0 nanofibers 

The morphology of PVA nanofibers with various concentrations of 
microcapsules such as 1, 3, 5, 7, and 9 wt % was investigated via SEM images (figure 
4). 
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PVA-1 

PVA-3 

PVA-5 

PVA-7 

PVA-9 
Figure 4. SEM images of PVA nanofibers with various concentrations of microcapsules 

As shown in the SEM photos, microcapsules were successfully incorporated into a 
nanofibrous structure. All of the nanowebs are quite fine, smooth, uniform and without 
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beads. Additionally, it is observed that the density of microcapsules in the nanoweb 
increases as the microcapsule concentration increasement. 

 In addition to these results, FT-IR spectroscopy confirmed the presence of PVA 
polymer and St. John's Wort oil loaded microcapsules in the chemical structures of the 
nanofibers (figure 5). 

Figure 5. FT-IR spectra of: a - PVA-0 nanofibers;  b - PVA-9 nanofibers;  
c - PVA polymers; d - St. John's Wort oil loaded PVA/ Eudragit RS 100 microcapsules; 

e - Eudragit RS 100 polymers; f - St. John's Wort oil  

The FT-IR spectrum of PVA demonstrates the primary peaks linked with PVA and 
PVA nanofibers quite clearly. For instance, the typical strong hydrogen bonded band 
occurred at approximately 3400-3200 cm-1 wavelength in the spectra of PVA polymer, 
PVA-0 and PVA-9 nanofibers. Because of the high hydrophilic forces, intramolecular and 
intermolecular hydrogen bonding is expected to occur among PVA chains. Another 
important absorption peak was confirmed at 1141 cm-1. This peak arises at 1243 cm-1 and 
1245 cm-1 in the spectra of PVA-0 and PVA-9 nanofibers, respectively. The crystallinity of 
PVA is primarily responsible for this vibrational band, which is related to the carboxyl 
stretching band (C–O) [9]. The most intense peak in the spectrum of St. John's Wort oil 
related to C-H stretching peak appearances at 2922 cm-1 and 2853 cm-1. These peaks are 
seen clearly at 2922 cm-1 and 2853 cm-1 for PVA-9 nanofiber and 2925 cm-1 and 2854 cm-1 
for microcapsule spectra [10]. The carbonyl stretching vibration of the ester group is 
responsible for the stretching bands of Eudragit RS 100 at 1143 cm-1 and 1237 cm-1. These 
stretching bands are attributed to 1173 cm-1 and 1243 cm-1 for PVA-9 nanofibers and to 
1237 cm-1 and 1145 cm-1 for spectra ofmicrocapsules [11]. 

5. CONCLUSIONS

This study achieved the production of St. John's Wort oil loaded microcapsules by 
the solvent/emulsion evaporation method and electrospinning of PVA nanofibers 
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incorporated into the microcapsules successfully. Small, uniform and spherical 
microcapsules were produced, solution properties of PVA includes different concentrations 
of microcapsules were determined and also fine, uniform nanofibers incorporated St. John's 
Wort oil loaded microcapsules were electrospun during the experimental studies. As a result 
of this study, it is considered that the nanofiber surface containing microcapsules has a high 
potential for end use as a wound dressing in biomedical applications due to the superior 
properties of St. John's Wort oil and nanofibers. 
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Abstract: In this study, it was investigated experimentally the influence of various solvents (distilled water and 
ethanol) on the solution properties, spinning performance, and fibre morphology of the electro spun Poly 
(acrylic acid) nanofibers. Firstly, polymer solutions were prepared at 5 wt % PAA with various solvent ratios of 
ethanol and distilled water. Then, solution properties such as viscosity, density, pH, conductivity, and surface 
tension were determined. The production of nanofiber samples was carried out by electrospinning under the 
optimum process parameters (voltage, distance between electrodes, feed rate, and atmospheric conditions). 
Finally, the morphological characterization of the nanofiber surface was carried out with SEM. According to the 
results, it was observed that conductivity, surface tension and the density of the solution increase as the ethanol 
ratio decreases. On the other hand, pH value increases as the ethanol ratio increases and, so, the acidic value of 
the solutions decreases. The viscosity increased until the ethanol/distilled water ratio was 50/50 and then 
decreased as the ethanol percentage decreased to under 50%. In addition, average fibre diameter decreases 
with ethanol ratio decreases. It is possible to say that solvent type affects solution properties, fibre morphology 
and spinning performance significantly. Generally, fine, uniform and bead free nanofibers could be electro spun 
and the PAA solution containing 70 wt % distilled water and 30 wt % ethanol was selected as the optimum in 
terms of fibre morphology, web quality and spinning performance. 

Keywords: electrospinning, ethanol, nanofiber, poly(acrylic acid), solvent optimization 

1. INTRODUCTION

In this study, it was aimed at achieving electrospinning of Poly (acrylic acid) 
(PAA) nanofibers with various solvents such as distilled water and ethanol. It is known 
from the literature that these solvents can be used to solve PAA separately or together [1-
3]. 

PAA is a superabsorbent, water soluble, innocuous [4], synthetic, and high 
molecular weight polymer of acrylic acid [3]. PAA is also non-toxic and very sensitive to 
temperature and pH changes. Therefore, PAA has attracted great interest in different 
fields, especially biomedical applications [5].  

Nanofibers have unequalled properties, such as very small fibre diameter, high 
porosity, small controllable pore size, very high specific surface area (m2/g) etc. [6]. 
Thanks to their unique features, nanofibers can be a promising material for a variety of 
applications, from medical to consumer products, and industrial to high-tech applications. 
In literature, there are several studies on the medical application areas of PAA based 
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nanofibers, such as drug delivery [7,8], tissue engineering, implant coatings, wound 
dressing [9], etc.  

Solvent selection is an important step in obtaining uniform and fine nanofibers by 
electrospinning. There are some studies about solvent optimization and solvent effects on 
solution properties and fibre morphology in literature. Yang et al. investigated the 
influence of solvents on the morphology of the poly (vinylpyrrolidone) (PVP) nanofibers 
prepared by electrospinning with different solvents, including ethanol, dichloromethane, 
and dimethylformamide, and they specified that solution properties and fiber morphology 
were affected by solvent type [10]. Gee et al. compared the effects of three solvents 
(dimethylformamide, N-methylpyrrolidone, and dimethyl sulfoxide) on fiber formation. 
These researchers also observed that fiber morphology, such as fiber diameters, web 
thickness, and pore area, were affected by solvent ratio [11].  

This study aims to analyse the effect of ethanol and distilled water on PAA-based 
nanofiber morphology and contribute to the literature. 

2. MATERIALS AND METHODS

For this study, PAA was used as a polymer. Distilled water and ethanol were used as 
the solvents to obtain nanofibrous surfaces. PAA with a viscosity-average molecular weight 
of 450,000 was purchased from Sigma–Aldrich (St. Louis, MO, USA) and ethanol was 
purchased from ISOLAB (Izmir, Turkey). The PAA polymer concentration was kept constant 
at 5 wt% and details of solvent ratios are given below in Table 1. 

Table 1. Different solvents ratios of PAA solutions with sample codes 
Sample 
Codes 

Distilled 
Water Ratio (wt%) 

Ethanol 
Ratio (wt%) 

S1 0 100 
S2 10 90 
S3 30 70 
S4 50 50 
S5 70 30 
S6 90 10 
S7 100 0 

It is known from the literature that process parameters of electrospinning, such as 
applied voltage, solvent selection, distance between needle and collector, solution flow 
rate, etc., have to be optimized to obtain uniform, fine, and bead-free nanofibers [3]. All 
process parameters were kept constant except solvent ratios during the spinning process.  

The study consists of three stages. In the first stage, PAA solution properties such 
as viscosity, conductivity, pH, surface tension, and solution density were measured. At the 
second stage, a needle electrospinning process using optimum process parameters carried 
out nanofiber production. During the nanofiber production process, 14 kV voltage, 0.6 
ml/h solution feed rate, and 22.5 cm distance between the electrodes were applied for all 
solutions. Also, spinning experiments were achieved under ambient conditions of 32% 
(±1) humidity and 25°C (±1) degree temperature for all samples. All nanofibers were 
produced for 20 minutes and collected on an alumina foil.  

The last step of the study is the characterization of PAA nanofibers in terms of 
fibre diameter, fibre diameter uniformity, and web surface structure (bead, stickiness etc.). 
The morphology was analysed with a Scanning Electron Microscope (SEM). By using 
image J analysing software, the average fibre diameters were calculated. The findings 
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were analysed statistically with the SPSS analysis program. The fibre uniformity 
coefficient was calculated using equations 1 and 2 which are given below [12]: 

𝑨𝑨𝒏𝒏 =
∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
∑𝑛𝑛𝑖𝑖

 (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛)   (1) 

 𝑨𝑨𝒘𝒘 =
∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖2

∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
 (𝑤𝑤𝑛𝑛𝑤𝑤𝑎𝑎ℎ𝑡𝑡 𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛)   (2) 

where di is fibre diameter and ni - fibre number. 
The fibre diameter uniformity coefficient was determined by the ratio of Aw / An 

and optimum value should be very close to 1 for uniform fibres. 

3. RESULTS AND DISCUSSIONS

3.1. Solution Properties 
From the solution results are given in figure 1, it was observed that conductivity, 

surface tension, and the density of the solution increase as the ethanol ratio decreases.  

Figure 1. Results of solution properties such as surface tension, density, viscosity and 
conductivity of PAA with various solvent ratios 

On the other hand, pH value increases as the ethanol ratio increases and, so, the acidic 
value of the solutions decreases. The viscosity increased until the ethanol/distilled water ratio 
was 50/50 and then decreased as the ethanol percentage decreased to under 50%. The 
viscosity has the highest value where the solvent ratios are equalized (S4). 

3.2. Fiber Morphology 
SEM pictures of PAA nanofibers with different solvents ratios of distilled water and 

ethanol are given in figure 2. Spinning could not be achieved with PAA solutions include 
only distilled water (S1) and only ethanol (S7) as a solvent. 
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(S6) 
Figure 2. SEM images and fibre diameter histograms of PAA nanofibers (1.000x, 

10.000x) produced with different solvents ratios of distilled water and ethanol. 

It was clearly observed from the SEM images that generally, uniform and smooth 
nanofibers were produced and unimodal histogram curves were obtained. In addition, all 
fibre structures are bead-free and bead formation was not observed with the change of 
solvent ratio.  

The effect of different solvent ratios on the average fibre diameter and fibre 
diameter uniformity coefficient was shown in Figure 3. 

According to Figure 3, it was determined that average fibre diameter decreased as the 
ethanol concentration decreased. This result is compatible with solution properties and 
literature [2]. The finest fibres were obtained from an S6 sample (273 nm) including 10 wt % 
ethanol. Fibre diameter uniformity coefficient values are very close to 1 for all samples and 
the most uniform sample is S3 with a 1.013 value. It is possible to say that uniform, smooth 
nanofibers, good web quality without beads and unimodal fibre diameter histograms were 
obtained.  

The PAA solution containing 70 wt % distilled water and 30 wt % ethanol (S5) was 
selected as the optimum in terms of fibre morphology, web quality, and spinning 
performance. From the calculations, it was specified that the average fibre diameter is 440 nm 
and the fibre diameter uniformity coefficient is 1.019. 
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Figure 3. The effect of different solvent ratios on the average fibre diameter and fibre 
diameter uniformity coefficient 

4. CONCLUSION

The production and characterization of PAA nanofibers prepared with different 
solvent ratios were achieved in this study. From the results, it is clearly seen that solvent 
type affects solution properties, fibre morphology and spinning performance distinctively. 
After the analysis of all the results, the PAA solution containing 70 wt % distilled water 
and 30 wt % ethanol was selected as the optimum in terms of fibre morphology, web 
quality, and spinning performance. 
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Abstract: In this study, it is aimed to produce and characterize antibacterial polyurethane (PU)/Zinc oxide 
(ZnO) nanofibers by electrospinning method. Firstly, polymer solutions were prepared at various ZnO 
concentrations such as 0, 0.2, 0.4, 0.6, 0.8, 1. Then solution properties (conductivity, viscosity, surface 
tension) were determined and analysed the effects of ZnO concentration on the solution properties. PU/ZnO 
nanofibers produced via electrospinning under the optimum process parameters (voltage, distance between 
electrodes, feed rate and atmospheric conditions). Finally, the nanofibers were characterized in terms of 
fibre morphology, thermal stability, permeability and antibacterial activity using SEM-EDS, DSC-TGA, 
water vapour permeability and disk diffusion methods. According to the solution results; it was observed 
that conductivity and surface tension decrease significantly with ZnO addition. On the other hand, solution 
viscosity increases as the ZnO concentration increases. From the SEM images, it has been seen clearly that 
average fibre diameter increases with ZnO concentration and incorporation of ZnO particles to the fibre 
structure was verified by SEM-EDS. According to the thermal analyse result, nanofibers begin to degrade 
between 271.94 ºC and 298.73 ºC. In addition, water vapour permeability increases as the ZnO 
concentration increase. Lastly antibacterial activity against gram negative (E.coli) and gram positive (S. 
aureus) was determined with specific zone diameter. 

Keywords: antibacterial, electrospinning, nanofiber, polyurethane, Zinc oxide 

1. INTRODUCTION

Protective textiles are the materials to prevent the risk of exposure to harmful 
substances (virus, bacteria etc.) and bad environmental conditions, to protect them from 
this risk and/or to reduce this risk. Especially fibre structure, thermal, chemical, 
microbiological, pore size, air permeability, barrier etc. properties are important for this 
aim [1]. 

In recent years, various polymers can be easily electro spun to obtain advanced 
fibrous materials [2,3]. Among them, polyurethane based nanofibers are the most common 
and functional materials due to their high elasticity, good mechanical, protective and 
barrier properties. Polyurethane based nanofibers are especially used in medical, filtration, 
protective textiles, etc. [4-6]. Antibacterial nanofibers are also important for these 
application areas. In the literature, there are many studies about PU nanofibers containing 
various antibacterial agents [7,8]. 

For this study, ZnO was chosen as an antibacterial agent because of its non-
toxicity, compatibility with the skin, and its chemical stability when exposed to both high 
temperatures and UV [9]. There are some studies on ZnO based nanofibers in the 
literature. Lee studied PU/ZnO based nanofibers to obtain UV protective textile materials. 
He noted that very thin electro spun ZnO nanocomposite fibre layer significantly 
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increased UV blocking for both the UV-A and UV-B ranges and exhibited excellent UV 
protection. In addition, it was observed that the UV protective properties increased with 
increasing ZnO concentrations [10]. Wu and Pan also prepared ZnO nanofibers by 
electrospinning. They found that the fibre diameter increased with ZnO content and the 
morphology of inorganic ZnO fibres was affected by the calcination time.  

2. MATERIALS AND METHODS

In this study, polyurethane (PU) was used as a polymer, dimethylformamide 
(DMF) was used as a solvent and zinc oxide (ZnO) was used as an additive to provide 
antibacterial activity. During the experimental studies, PU polymer concentration was kept 
constant at 15 wt % and this value was determined from our preliminary studies. Zinc 
oxide concentrations such as 0, 0.2, 0.4, 0.6, 0.8 and 1 wt % were applied to the PU/DMF 
solutions. All solutions were prepared under the same conditions (mixing time, 
temperature, etc.). 

First of all, solution properties such as conductivity, viscosity (shear rate 5 s-1) and 
surface tension were measured. Then, nanofiber production was carried out by 
electrospinning method under the optimum process parameters. During the spinning 
process, 24 kV voltage, 0.2 ml/h solution feed rate and 22 cm distance between the 
electrodes were applied for all solutions. In addition, all nanofibers were produced under 
ambient conditions of 36±2% humidity and 23±2°C temperature. All nanofibers were 
produced for 30 minutes and collected on an aluminium foil. 

Nanofiber morphology such as fibre diameter, diameter uniformity and nanoweb 
surface structure were analysed by Scanning Electron Microscopy (SEM). Fibre diameter 
histograms were obtained from the SPSS program. The presence of ZnO was determined 
by EDS and the thermal behaviour of nanofibers was analysed by DSC and TGA. In 
addition, the water vapour permeability test was performed according to BS 7209, BS 
3424 standards. Finally, antibacterial activity against gram negative (E. coli) and gram 
positive (S. aureus) was determined by disc diffusion method. 

3. RESULTS AND DISCUSSIONS

Viscosity, conductivity and surface tension results of PU/DMF solutions with 
various ZnO wt % concentrations are given in table 1. 

Table 1. Solution results of PU/DMF with various concentrations of ZnO wt % 

Samples Viscosity (mPa.s) 
(Shear rate: 5 s-1) 

Conductivity 
(μS/cm) 

Surface Tension 
(mN/m) 

PU0 2240 5.16 36.4 
PU0.2 3970 1.01 6.74 
PU0.4 4570 0.93 7.63 
PU0.6 5680 0.82 7.29 
PU0.8 5080 1.17 6.77 
PU1 7680 0.72 7.53 

Also figure 1 shows the changing of viscosity, conductivity and surface tension of 
PU/DMF solutions with ZnO concentrations. 
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a b 
Figure 1. Graphical representation of: a - viscosity and conductivity of PU/ZnO solutions; 

b - surface tension of PU/ZnO solutions 

It is clearly seen that from table 1 and figure 1, solution viscosity increases with 
ZnO concentration while conductivity decreases. On the other hand, with the initial 
addition of ZnO, conductivity and surface tension decreases significantly, but is not 
affected by the ZnO concentration increase. This result is compatible with literature [11]. 
Figure 2 shows the SEM images and histograms of PU/ZnO nano webs.  
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Figure 2. SEM images and fibre diameter histograms of PU/DMF nanofibers 

From the SEM images, it was observed that the fibre diameter and stickiness 
increased with the addition of ZnO. Average fibre diameter was calculated as 550 nm for 
PU/DMF without ZnO (PU0). On the other hand, average fibre diameter increased to 
approximately 750 nm with addition of various concentrations of ZnO. It is clearly seen 
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from the SEM images that incorporation of ZnO particles to the nanofibers were achieved 
successfully. Unimodal histogram curves were obtained from PU0, PU0.2, PU0.8 samples. 

The changing of average fibre diameter and fibre diameter uniformity with ZnO 
concentration increase is shown in figure 3. 

Figure 3. Average fibre diameter and diameter uniformity coefficient of PU/ZnO 
nanofibers 

Figure 3 presents that average fibre diameter increased significantly with the first 
addition of ZnO to the PU nanofibers. Fibre diameter uniformity coefficient is not effected 
from ZnO concentration. It is possible to say that uniform PU/ZnO nanofibers were 
obtained. From the water vapour permeability test results, it was determined that water 
vapour permeability increased with addition of ZnO (PU0: 2484.62 g/m²/day and PU0.8: 
2910.28 g/m²/day). 

ZnO particles can be seen clearly into the fibre structure and also ZnO existence 
was verified by SEM-EDS (figure 4).  

Figure 4. SEM-EDS Spectroscopy of PU nanofibers with 0.8 wt % ZnO 

Elemental analysis results of Pu/ZnO nanofibers are given in table 2. Thermal 
behaviour of Pu/ZnO nanofibers were analysed by DSC-TGA (figure 5, figure 6).  
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Table 2. SEM-EDS results of PU/ZnO nanofiber samples 
Sample 

code 
C 

(%) 
N 

(%) 
O 

(%) 
Zn 
(%) 

Mg (%) Al 
(%) 

Na 
(%) 

PU0.2 68.13 7.20 19.95 - 0.27 3.89 0.55 
PU0.4 75.76 - 23.25 0.99 - - - 
PU0.6 76.41 - 21.02 1.38 - 1.19 - 
PU0.8 70.87 6.57 20.22 2.34 - - - 
PU1 70.63 7.28 20.01 2.07 - - - 

Figure 5. TGA analysis of PU nanofibers with various concentrations of ZnO 

As shown, the amount of ZnO is visibly changing the temperature of any thermal 
resistance value. The major mass loss for PU/ZnO is around 275-280°. In the PU/ZnO 
curve, after 430 degrees, PU1 % containing the most zinc oxide remained the most 
residues and this ratio was 25%. PU0, PU0.2 and PU0.4 left the least residues close to 
each other. This rate is 1%. 

Figure 6. DSC analysis of PU nanofibers with various concentrations of ZnO 

Thermal characterization of polymers was investigated in nitrogen atmosphere using 
differential scanning calorimetry (DSC) and glass transition temperature (Tg) and melting 
temperature (Tm) were determined. Analysis -50°C to 350°C at a scan rate of 10°C/min 
has been carried out. In general, the temperatures at which nanofibers begin to degrade are 
between 271.94ºC and 298.73ºC. Similarly, the temperature at which the mass loss ends is 
close to each other and varies between 308.11ºC and 330.90ºC. 
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Lastly, antibacterial activity against gram negative (E.coli) and gram positive (S. 
aureus) was determined with specific zone diameter for PU nanofibers with 0.8 wt % 
ZnO. 

4. CONCLUSION

 This study was carried out for the fabrication and characterization of antibacterial 
PU/ZnO nanofiber surface with various ZnO concentrations by electrospinning. According to 
the solution results; viscosity increased with ZnO concentration while conductivity and 
surface tension decreased. In addition, average fibre diameter increased and fibre stickiness 
was observed with ZnO concentration increase. On the other hand, fibre diameter uniformity 
was not affected from ZnO addition. ZnO incorporation to the PU nanofibers was shown by 
SEM images and ZnO presence was verified via SEM-EDS. Also it was determined that water 
vapour permeability increased with ZnO addition. Thermal behaviour of PU nanofibers with 
various concentrations of ZnO was investigated by DSC-TGA analysis. Lastly, good 
antibacterial activity against gram negative (E. coli) and gram positive (S. aureus) was 
determined.  
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Abstract: This study aimed to achieve Polyvinylpyrrolidone (PVP) nanofiber production including paracetamol 
(PCT) by oil-in-water emulsion electrospinning. At first, emulsions were prepared at 14 wt % PVP with various 
PCT concentrations (0, 0.1, 0.3, 0.5, 0.7, 0.9 wt %). Then, solution properties such as viscosity, conductivity, 
and surface tension were determined. The production of nanofiber samples was carried out by emulsion 
electrospinning under the optimum process parameters (voltage, distance between electrodes, feed rate, and 
atmospheric conditions). Finally, the morphological and structural characterization of the nanofiber surface 
was carried out with SEM and FT-IR. According to the results of emulsion properties, although the change is not 
remarkable, it tends to increase the viscosity with an increase in PCT concentration. On the other hand, it was 
observed that surface tension did not change significantly with PCT concentration increasement and while the 
conductivity of emulsions decreased slightly. When the fibre structure was investigated, average fibre diameter 
and fibre diameter uniformity were not affected prominently by PCT concentration. From the SEM images, it is 
possible to say that generally fine, uniform and bead-free drug-loaded nanofibers were obtained. The finest (326 
nm) and most uniform (1.03) nanofibers were achieved from the sample N4 which included 0.5 wt % PCT. Also, 
the FT-IR results verified that PVP and PCT exist in the nanofiber structure. 

Keywords: emulsion electrospinning, nanofiber, paracetamol, Polyvinylpyrrolidone 

1. INTRODUCTION

In this study, it was aimed at achieving Polyvinylpyrrolidone (PVP) nanofiber 
production including paracetamol (PCT) by oil-in-water emulsion electrospinning and 
characterization in terms of fibre morphology by Scanning Electron Microscope (SEM) 
and chemically exhibition of PCT presence in the structure of nanofibers by FT-IR 
analysis.  

It is known from the literature that nanofibers can be used in several fields, such as 
medical applications, drug delivery systems, energy storage, battery separators, aerospace, 
information technology, etc. [1]. Recently, there have been lots of possible biomedical 
uses for nanofibers, owing to their unequalled mechanical strength, elasticity, very small 
fibre diameter, small controllable pore size, high porosity, very high specific surface area 
(m2/g), high load capacity, and ease of fabrication [2,3].  

Emulsion electrospinning is an efficient and new method for the production of 
nanofibers. From immiscible liquids such as essential oils and hydrophobic drugs and 
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proteins can be produced as nanofibers by this new approach. The preparation of 
homogenous and stable emulsion solutions to produce nanofibers is much easier with 
emulsion electrospinning. Another advantage of this method is that there is no need for an 
extra apparatus compared to the classical electrospinning system [4].  

PVP is a highly hydrophilic polymer and is used because of its remarkable 
properties, such as high surface activity, good biocompatibility, low toxicity, and strong 
adsorption capacity. PVP based nanofibers have a wide variety of applications in 
biomedical, pharmacy, food and cosmetics [5].  

PCT is a non-inflammatory [6], antipyretic and analgesic agent which is used to 
relieve pain in the body and to reduce body temperature [7]. Recently, there has been 
research about electro spun nanofibers, including PCT. Yang et al. prepared PCT loaded 
poly (vinyl alcohol) (PVA) nanofibers by electrospinning [8]. Yıldız and Uyar 
successfully obtained free-standing, easy to handle nanofibrous films of 
paracetamol/HPCD-IC and paracetamol/SBE--CD-IC by electrospinning [9]. Illangakoon 
et al., successfully produced fast-dissolving drug delivery systems for the simultaneous 
release of paracetamol and caffeine. This work was achieved by processing them into 
electro spun fibres using PVP as the filament forming agent [7].  

It is thought that the results obtained from this study will contribute to the 
literature on medical textile materials. 

2. MATERIALS AND METHODS

In this study, PVP (360.000 g/mol) (Sigma–Aldrich (St. Louis, MO, USA) was 
used as a polymer, PCT was used as a drug (Atabay Pharmaceuticals and Fine Chemicals 
Inc.), dimethylformamide (DMF) (Sigma–Aldrich (St. Louis, MO, USA) and distilled 
water were used as solvents. In addition, Cremophor RH 40 was used as a surfactant and 
was supplied by Ersa Chemistry (Izmir, Turkey).  

PVP concentration and surfactant concentration were kept constant at 14 wt % and 
1 wt %, respectively. PCT was added at different concentrations, such as 0.1, 0.3, 0.5, 0.7, 
and 0.9 wt%.  

According to the experimental studies, initially, polymer solutions were prepared 
as an emulsion with PVP and PCT. The emulsion was stirred at room temperature for 
about 20 hours. After emulsion preparation, the emulsion properties were determined. The 
conductivity, viscosity, and surface tension (by the Du Noüy ring) of emulsions were 
measured.  

Then, the nanofibers were produced by an emulsion electrospinning approach. The 
process parameters of the electrospinning given in table 1, such as applied voltage, 
distance between needle and collector, solution flow rate etc., were optimized. All process 
parameters were kept constant as in table 1 during the spinning process. Also, the spinning 
process was achieved under the same ambient conditions for all samples. The nanofibers 
were produced for 20 minutes and collected on an aluminium sheet. 

Table 1. Process parameters of the electrospinning  
Voltage 

(kV) 

Distance between 
electrodes 

(cm) 

Feed rate 
(ml/h) 

Humidity 
(%) 

Temperature 
(°C) 

21 19.5 0.3 28 25 

Finally, the nanofiber morphology, such as fibre diameter, diameter uniformity, 
and web surface structure, was determined and analysed with SEM. The fibre diameters 
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were calculated by image J analysing software. The SPSS analysis program was used to 
statistically analyse the findings about morphological parameters such as fibre diameter 
histogram. FT-IR was performed to determine the presence of PVP and PCT in the 
nanofiber structure chemically. 

3. RESULTS AND DISCUSSIONS

In this study, emulsion properties such as viscosity, conductivity, and surface tension 
were measured and the effects of PCT concentration on the solution properties were analysed. 
From figure 1, it was determined that there was no significant change in surface tension, 
viscosity, and conductivity with different PCT concentrations. 

According to the results of emulsion properties, although the change is not 
significant, it tends to increase the viscosity with an increase in PCT concentration except 
N6.  

On the other hand, it was observed that surface tension tends to decrease as the 
PCT concentration increases, except for the N4 sample, but the changes are not 
significant. The conductivity of emulsions decreases with PCT increase except N2. It is 
possible to say that emulsion conductivity increases with the first addition of PCT to the 
PVP emulsion and then decreases as the PCT concentration increases. 

Figure 1. Results of solution properties (surface tension, viscosity and conductivity) of 
PVP with various PCT concentrations. 

SEM images and fibre diameter histograms of PVP nanofiber samples (1.000x, 
10.000x) produced with various PCT concentrations are given in figure 2.  
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Figure 2. SEM images and fibre diameter histograms of PVP nanofiber samples produced 

with various PCT concentrations (1.000x, 10.000x) 

When figure 2 was analysed, it was seen that uniform and smooth nanofibers, good 
web quality without beads, and unimodal fibre diameter histograms were obtained. There was 
no bead formation in any fibre structure and the PCT concentration did not affect the bead 
formation.  

The effect of PCT concentration on the average fibre diameter and fibre diameter 
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uniformity coefficient was shown in figure 3. 

Figure 3. The effect of PCT concentration on the average fibre diameter and fibre diameter 
uniformity coefficient of PVP nanofibers 

According to Figure 3, there isn’t any specific variation in the fibre diameter and 
diameter uniformity coefficient with change in PCT concentration. The smallest average fibre 
diameter is 326 nm (N4) and the highest one is 385 nm (N6) for all fibre structures among all 
PCT concentrations. Fibre diameter uniformity coefficient values are very close to 1 for all 
samples. The smoothest histogram was again seen in the N4 sample.  

Lastly, the presence of PVP and PCT were confirmed in the nanofiber structure via 
FT-IR analysis (Figure 4). According to FT-IR spectra of the PVP, there is a peak at 2949 cm-

1. This peak appeared at 2949 cm-1 in N1, and 2953 cm-1 in N4. There is another sharp peak at
1652 cm-1 due to the C=O in the spectra of the PVP polymer. This peak appeared at 1657 cm-1 
and 1655 cm-1 in the spectra of N1 and N4 respectively. Due to the C–N stretch from PVP, 
there is a peak at 1284 cm-1. This peak appeared at 1288 cm-1 in both N1 and N4. On the other 
hand, pure PCT has a peak at 1561 cm-1. This peak appeared at 1559 cm-1 in an N4 sample 
that included 0.5 wt %. 

Figure 4. FT-IR spectra of PVP, PCT and PCT loaded PVP nanofiber samples 
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4. CONCLUSION

The production and characterization of PVP nanofibers with various concentrations 
of PCT were achieved via an emulsion electrospinning approach. According to the results, 
it was observed that quite uniform, smooth and fine, drug-loaded emulsion electro spun 
nanofibers were produced. In addition, good web quality without beads and a unimodal 
histogram curve of fibre diameter were determined. It is thought that this nanofibrous 
medical textile surface obtained has the application potential for controlled drug delivery 
applications. 
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Abstract: In this study, it was aimed to production and characterization of paracetamol (PCT) loaded 
microcapsules and microcapsule added electro spun PVA nanofibers. Eudragit RS 100 and PVA were used as 
the shell in the microcapsule structure, and PCT was used as the core material. First of all, the PCT loaded 
Eudragit RS 100/PVA microcapsules were produced by solvent evaporation method under the optimum process 
parameters. Then, properties such as conductivity, viscosity and surface tension of the microcapsule loaded PVA 
solution were measured and the effects of microcapsule concentration on the solution properties were 
determined. According to the solution results, while the viscosity increased with the microcapsule concentration, 
conductivity and surface tension did not change significantly except for the PVA-10 sample. After the 
electrospinning process, fibre morphology was determined by SEM and incorporation of microcapsules into the 
nanofibers was clearly demonstrated. It was calculated from the SEM images that average microcapsule size is 
9.81µm, average fibre diameter is 550 nm and fibre diameter uniformity coefficient is 1.025. Finally, the 
incorporation of PCT loaded microcapsules into the nanofibers was chemically confirmed by FT-IR analysis. It 
is thought that the results of this study will be useful for controlled drug release, especially in medical textiles. 

Keywords: electrospinning, medical textile, microcapsule, nanofiber, paracetamol 

1. INTRODUCTION

Microcapsules have become very popular in recent years, especially for the 
development of functional fabrics in the textile industry. With the microencapsulation 
technique, controlled/delayed release, masking of taste, odour and color, protection 
against UV, heat, oxidation, acids and bases, stabilization of volatile compounds, 
antibacterial, antimicrobial, long-term flaming, retardant, insect repellent and thermal 
insulation properties can be achieved on textile surfaces [1]. As the core material, volatile, 
drug-active substances, taste, odour, etc. substances can be microencapsulated [2]. 
Microcapsules can be produced by physical or chemical methods [3]. 

Eudragit RS 100 is a copolymer of ethyl acrylate, methyl methacrylate, and a small 
amount of methacrylic acid ester containing quaternary ammonium groups [4]. Eudragit 
RS 100 used in the shell material is an easy to use and process polymer in any form as 
aqueous dispersions, granules, organic solutions, powders or ready-to-use powders [5]. 
Eudragit RS 100 is a biocompatible, inexpensive, easily produced polymer with good 
stability. It is a common polymer that is insoluble in water and is often used as a wall 
material in extended-release microcapsules [6]. Eudragit RS 100 has a wide use in coating, 
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that is, microencapsulation, of drug-active substances that do not dissolve in water [7]. 
The main ingredient, paracetamol (PCT), is an active drug substance with analgesic and 
antipyretic effects. Paracetamol is a white, odourless, crystalline powder. It has a bitter 
taste [8]. Although it is slightly soluble in water, its analgesic effect is milder than other 
new generation pain relievers, PCT was preferred in the study due to its safety and lack of 
side effects in the digestive system. Solvent evaporation method was chosen as the 
microcapsule production method. The emulsion/solvent removal method is the most 
common method used for microencapsulation of water-insoluble drugs [9]. In the solvent 
evaporation method, the production conditions such as mixing speed, mixing time, solvent 
ratio, solution concentration have a great influence on the microcapsule morphology [10]. 
In addition, the fact that drug-loaded microcapsules do not leak or crack after production 
makes this method even more advantageous. During the experiments, the production is 
simpler as the solvent can be evaporated quickly by itself, by temperature or by mixing, 
that is, there is no need for an extra addition to the system.   

Nanofiber textiles are materials with high porosity and specific surface area, pore 
size smaller than 1 micrometre, have water vapor permeability and air permeability. 
Electrospinning is a simple, inexpensive, easy and fast process used to obtain micro-nano 
size fibres suitable for commercial production, suitable for spinning many different 
polymers [11]. The Poly (vinyl alcohol) (PVA) used is a biocompatible and biodegradable 
semi-crystalline polymer and has a very good ability to form fibrous materials. It is water 
soluble, has very good chemical resistance, physical and mechanical properties and 
flexibility. It shows excellent electro-absorbability in aqueous environments [12]. It is 
thought that PCT loaded microcapsule added nanofiber material produced for this study 
will have an important place for medical textiles. 

2. MATERIALS AND METHODS

2.1 Materials 
For microencapsulation process, Eudragit ® RS 100 (Evonik Röhm GmbH) and 

Polyvinyl alcohol (Mn=88,000, 88% hydrolysed) were used as shell materials, 
paracetamol (PCT) (Atabay Kimya, Turkey) was used as a core material, chloroform (Iso 
Lab) and distilled water were used as solvents and Span20 (Sigma-Aldrich Corporation 
(St. Louis, MO, USA)) was used as a surfactant. During nanofiber production 
experiments, Polyvinyl alcohol (Mn=88,000, 88% hydrolysed) was used as a main 
polymer and distilled water was used as a solvent. PVA polymer concentration was kept 
constant as 10 wt % and PCT loaded microcapsule concentration was applied as 0, 2, 4, 6, 
8, 10. 

2.2 Methods 
Microencapsulation was achieved by solvent/evaporation method which is the 

simple and physical method. In this method, the polymer is first dissolved with the 
solvent. Then the active ingredient is added. The dissolved polymer formed the oil phase, 
that is, the droplet phase. The surfactant forms the second and continuous phase by 
mechanical mixing in an aqueous solution. The polymer solution containing the insoluble 
substance from these two solutions was added to the droplets in the aqueous solution high 
speed mixer. Finally, the solvent is evaporated by mechanical action. The resulting 
microcapsules are washed with water, filtered with filter paper and dried. Composition of 
microcapsule loaded PVA solutions is given in table 1. 
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Table 1. Composition of microcapsule loaded PVA polymer solutions 
Sample codes PVA concentration 

(wt %) 
Microcapsule concentration 

(wt %) 
PVA-0 10 0 
PVA-2 10 2 
PVA-4 10 4 
PVA-6 10 6 
PVA-8 10 8 

PVA-10 10 10 

First of all, microcapsule loaded PVA solution properties such as conductivity, 
viscosity (shear rate 5 s-1) and surface tension were measured. Then, nanofiber production 
was carried out by conventional electrospinning method under the same process 
parameters. During the spinning process, 21.7 kV voltage, 1.5 ml/h solution feed rate and 
18.1 cm distance between the electrodes, 29±2% humidity and, 25.9±2°C ambient 
conditions were applied for all solutions. All nanofibers were produced for 15 minutes and 
collected on aluminium foil. Microcapsules and nanofiber morphology such as capsule 
size, fibre diameter, diameter uniformity and nanoweb quality were analysed by Scanning 
Electron Microscopy (SEM).  

It was used to measure the diameters of 100 fibres obtained from various parts of the 
nanoweb with the Image J program. The number mean and weight mean values were 
estimated using the following formulas: (1) and (2). 

𝐴𝐴𝑛𝑛 =
∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
∑𝑛𝑛𝑖𝑖

(number average)  (1) 

𝐴𝐴𝑤𝑤 =
∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖2

∑𝑛𝑛𝑖𝑖𝑑𝑑𝑖𝑖
(weight average)  (2) 

The Aw/An ratio was used to obtain the fibre uniformity coefficient as well as for the 
molar mass distributions. An optimum value close to 1 indicates fibres of the same type in size 
[13]. Fibre diameter histogram was obtained by SPSS statistical program. 

Lastly, FT-IR analysis was performed to determine the presence of PCT loaded 
microcapsules into the nanofiber structures.  

3. RESULTS AND DISCUSSION

Microcapsule production was carried out by emulsion/solvent evaporation method 
under the optimum process parameters. SEM images of paracetamol loaded Eudragit RS 
100/PVA microcapsules are shown in figure 1. 

Figure 1. SEM images of PCT loaded Eudragit RS 100/PVA microcapsules (1.000x, 5.000x) 
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As seen from the SEM images, PCT loaded Eudragit RS 100/PVA microcapsules have 
a partial spherical shape and also there are some cracks. Average microcapsule size is 9.81 
µm. Then, solution properties (conductivity, viscosity and surface tension) of PVA solutions 
include different concentrations of microcapsules, were measured. The results of solution 
properties are given in figure 2. 

a b 
Figure 2. Solutions properties of PVA polymer solutions with different concentrations of 

microcapsules: a - viscosity and conductivity; b- surface tension 

According to figure 2, viscosity increases with microcapsule concentration 
increasement while conductivity and surface tension were not significantly change except 
sample PVA-10. Surface tension decreased drastically at 10 wt% concentration of PCT loaded 
microcapsules (PVA-10). 

Morphology of PVA nanofibers at various concentrations of PCT loaded 
microcapsules such as 0, 2, 4, 6, 8 and 10 wt% were examined by SEM images (figure 3). 
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Figure 3. SEM images of PVA nanofibers with various concentrations of microcapsules 

(1.000x, 3.000x) 
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As shown in the SEM images, PCT loaded microcapsules were successfully 
incorporated into the nanofibrous structure. Generally, quite fine, smooth and uniform 
nanofibers were obtained. PVA nanofibers diameter histogram is given in figure 4. 

Figure 4. Electro spun PVA nanofiber diameter histogram 

From the calculations; average fibre diameter is 550 nm and fibre diameter uniformity 
coefficient are 1.025. Unimodal histogram curve was obtained from the SPSS diagram. In 
addition, it is possible to say that fibre morphology (diameter, diameter uniformity) was not 
affected from the microcapsule concentration.  

FT-IR spectroscopy confirmed the presence of PVA polymer and PCT loaded 
microcapsules in the chemical structures of the nanofibers (figure 5). 

Figure 5. FT-IR spectra of: a - PVA-0 nanofibers; b- PVA-10 nanofibers; c- PVA polymers; 
d- PCT/PVA/Eudragit RS 100 microcapsules; e- Eudragit RS 100 polymers; f- PCT 

The FT-IR spectrum of PVA demonstrates the primary peaks linked with PVA and 
PVA nanofibers quite clearly. For instance, the typical strong hydrogen bonded band occurred 
at approximately 2940-2912 cm-1 wavelength in the spectra of PVA polymer, PVA-0 and 
PVA-10 nanofibers. Because of the high hydrophilic forces, intramolecular and 
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intermolecular hydrogen bonding is expected to occur among PVA chains. Another important 
absorption peak was confirmed at 1141 cm-1. This peak arises at 1243 cm-1 and 1245 cm-1 in 
the spectra of PVA-0 and PVA-10 nanofibers, respectively. The crystallinity of PVA is 
primarily responsible for this vibrational band, which is related to the carboxyl stretching 
band (C–O) [14]. The most intense peak in the spectrum, pure PCT has a peak at 1561 cm-1. 
These peaks are seen at 2922 cm-1 and 2853 cm-1 for PVA-10 nanofiber and 2925 cm-1 and 
2854 cm-1 for microcapsule spectra [15]. The carbonyl stretching vibration of the ester group 
is responsible for the stretching bands of Eudragit RS 100 at 1143 cm-1 and 1237 cm-1. These 
stretching bands are attributed to 1173 cm-1 and 1243 cm-1 for PVA-10 nanofibers and to 1237 
cm-1 and 1145 cm-1 for spectra of microcapsules [16,17]. 

5. CONCLUSIONS

This study was carried out for the production and characterization of PCT loaded 
microcapsules by solvent/emulsion method and PCT loaded microcapsule incorporation to 
the PVA nanofibers with various concentrations by electrospinning. Generally, partial 
spherical and some cracks shapes of capsules were synthesized and incorporate to the 
PVA nanofibers at various concentrations. The incorporation of PCT loaded 
microcapsules to the PVA nanofibers was verified with SEM images and FT-IR results. It 
is thought that this research results will be useful for the medical textile-based materials in 
future. 
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Abstract: An awareness of environmental issues is crucial for textile engineering due to increasing 
consumption of textile fibres. In addition, levels of pollution are ever increasing due to single use polymeric 
packaging materials in our daily life. Single use polymeric packaging materials, such as PET beverage bottles, 
have impacts on the consumption of raw materials and energy, on the contamination of our water and 
atmosphere, on human health, on global climate change. In this point of view, the ability of the textile 
producers to recycle the disposed PET beverage bottles into textile products has a critical importance. In this 
study, performance properties of knitted fabrics produced from rPET and cotton/rPET blended vortex and ring 
yarns are investigated to figure out the reproducibility of environmentally friendly textile products. For this 
aim, 100% rPET, 50-50% rPET-Co and 50-50% VPET-Co yarns were produced by Vortex and Ring Spinning 
technologies with same yarn number as Ne 30/1. Then the knitted fabric samples were produced from these 
sample yarns and the fabrics were dyed. Dimensional stability, bursting strength and pilling resistance 
properties of the fabrics were examined. Dimensional stability properties of rPET used fabrics were found to 
be similar with the ones which VPET used. Pilling resistance and bursting strength of the sample fabrics were 
close to each other that rPET usage does not demonstrate any disadvantage. Consequently, rPET fibre usage 
instead of VPET fibre is found to be appropriate. 

Keywords: knitted fabric; r-PET yarn; recycle; ring spinning; vortex spinning 

1. INTRODUCTION

Economic and population growth, industrialization in the world together causes 
an increase in the amount of waste. As a consequence of all these, while the more 
intensive use of natural resources is inevitable, the wastes created by the ever-increasing 
consumption tendency have reached the huge amounts that threaten the environment and 
human health due to their quantity and harmful contents [1,2]. The most favourable 
packaging material is polyethylene terephthalate (PET) is versatile owing to its transparent 
color, lightweight, strength, food safe, inexpensive price, fully recyclability etc. In addition 
to all these advantages, PET as a waste material takes up considerable space in nature and 
needs to be recycled for the disposal of these wastes. In this regard, recycling enables 
conservation of raw materials, reduce energy use in order to produce virgin PET and reduce 
greenhouse gas emissions. Today, PET is the most widely recycled plastic in the world. 
Eco-friendly products obtained by recycling of PET are mainly used as textile fibres [3]. In 
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the literature there are some studies which deal with rPET fibre usage in yarn and fabric 
production [3-12]. 

2. MATERIALS AND METHODS

 In this study, it is aimed to compare the performance properties of knitted fabrics 
which are produced from Regenerated Polyester (rPET) and blends of Virgin Polyester 
(VPET) and rPET with Cotton (Co). The PET fibre and cotton fibre properties used in 
the study are given in table 1 and table 2, respectively. 

Table 1. Properties of PET fibres used in the study 
Characteristics rPET VPET 
Fibre linear density (dtex) 1.3 1.3 
Fibre length (mm) 38 40 
Fibre strength (g/den) 6 6.95 

Table 2. Properties of cotton fibres used in the study 
Characteristics Vortex Ring 
Fibre fineness (mic.) 4.57 4.20 
Fibre length (mm) 29.9 30.4 
Fibre strength (g/tex) 32.5 25.6 

In this study, 100% rPET, 50-50% rPET-Co and 50-50% VPET-Co yarns were 
produced by Vortex and Ring Spinning technologies with same yarn number as Ne 30/1. 
The unevenness, imperfections and hairiness parameters were tested by USTER Tester 
by taking samples from 5 bobbins. Strength and breaking elongation parameters were 
tested by USTER Tensojet. Yarn quality parameters are given in table 3. 

Table 3. Quality parameters of the sample yarns 

Parameter 
Ring Vortex 

100% 
rPET 

50-50% 
rPET-Co 

50-50% 
VPET-Co 

100% 
rPET 

50-50% 
rPET-Co 

50-50% 
VPET-Co 

U (%) 11.07 10.63 10.15 11.54 11.64 10.98 
CVm 14.00 13.43 12.85 14.55 14.67 13.83 
Thin-50%/km 9.5 2.5 0.5 42.5 32.5 20.5 
Thick +50%/km 53.5 58 43 46 61.5 40 
Neps +200%/km 78 65 58.5 - - - 
Neps +280%/km - - - 3 4 3 
Hairiness 6.14 6.27 5.93 3.55 4.16 4.27 
Strength (cN/tex) 17.61 14.07 18.62 16.64 13.70 17.25 
Breaking elongation (%) 10.52 5.66 7.19 9.09 5.84 6.94 

The knitted fabric samples were produced from the sample yarns by a 32 inches 
diameter and 28 fein single jersey circular knitting machine. Then, the fabric samples 
were dyed. 100% Polyester fabric samples and 50-50% Polyester-Cotton fabric samples 
were dyed according to the processes given in figure 1 and 2, respectively. 
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Figure 1. Dyeing curve for 100% Polyester fabric samples 

Figure 2. Dyeing curve for Polyester-Cotton blended fabric samples 

All fabric samples were conditioned according to TS EN ISO 139 [13] before the 
tests and measurements. The tests were performed in the standard atmosphere of 20±2ºC 
and 65±4% relative humidity. Fabric structural parameters namely; fabric mass, loop 
density and loop length properties of the dyed samples were determined according to 
standards of TS EN 12127 [14], TS EN 14971 [15] and TS EN 14970 [16], respectively. 
The fabric structural parameters are given in table 4. 

Table 4. Structural parameters of sample fabrics 

Parameter 
Ring Vortex 

100% 
rPET 

50-50% 
rPET-Co 

50-50% 
VPET-Co 

100% 
rPET 

50-50% 
rPET-Co 

50-50% 
VPET-Co 

Fabric mass (g/m²) 151 161 173 153 185 174 
Number of courses 
(loops/cm) 18 21 21 20 23 21 

Number of wales 
(loops/cm) 14 14 15 15 14 14 

Loop length (mm) 3 2.8 2.8 3 2.8 2.8 

Dimensional stability and skewness performance after home laundering were 
determined according to the standards of TS EN ISO 6330 [17] and AATCC 179 [18], 
respectively. In addition, bursting strength and pilling resistance of the samples were tested 
according to the standards of TS EN ISO 13938-2 [19] and TS EN ISO 12945-2[20], 
respectively. 
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3. RESULTS AND DISCUSSIONS

3.1. Dimensional Stability and Skewness After Home Laundering 
Dimensional stability of the fabric samples produced from ring yarns and vortex 

yarns are given in figure 3 and figure 4, respectively. 

Figure 3. Dimensional stability of the ring yarn samples 

It can be seen from figure 3 that the dimensional stability results of all fabric samples 
are below the commercial acceptability limits (5%). For ring yarn samples 50-50% rPET-Co 
and 50-50% VPET-Co samples show very similar dimensional stability results. So, it can be 
concluded that usage of rPET instead of VPET for widely used 50-50 PET-Co blend single 
jersey fabrics provide a similar fabric performance regarding the dimensional stability after 
home laundering. With respect to 100% rPET sample, it is seen that dimensional change 
values in width wise and lengthwise direction are contrary to other samples. This situation 
may be attributed to the usage of 50% cotton fibre. 

Dimensional change results below commercial acceptability limits (5%) are 
observed for vortex yarn samples similar with ring samples. Figure 4 exhibits that the usage 
of rPET fibre instead of VPET causes an increase for width wise shrinkage. On the other 
hand, lengthwise direction shrinkage decreases by the use of rPET fibre instead of VPET. 
This is a very important result to keep in mind during the production of rPET blended 
fabrics that some precautions may be taken during commercial production. Also, it can be 
concluded that the 100% rPET vortex samples has a more dimensionally stable fabric 
structure than other samples. 

According to the skewness after home laundering results, all fabric samples provided 
no skewness. So, it can be concluded that usage of rPET fibre instead of rPET has no 
disadvantage regarding the skewness performance. 
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Figure 4. Dimensional stability of the vortex yarn samples 

3.2. Bursting Strength  
Bursting strength test results of the samples are given in figure 5. 

Figure 5. Bursting strength test results of the samples 

Figure 5 exhibits the bursting strength values of the samples that the highest bursting 
strength value is obtained by the 100% rPET samples for both spinning technologies due to 
the higher fibre strength of rPET than cotton. 50-50% VPET-Co samples have higher 
bursting strength in comparison to 50-50% rPET-Co samples for both spinning 
technologies. This situation can be attributed the higher fibre strength of VPET fibre than 
rPET fibre. On the other hand, it can be seen that the difference between 50-50% VPET-Co 
and 50-50% rPET-Co samples is lower for vortex samples. So, it can be concluded that yarn 
structure that is obtained by vortex spinning technology may compensate the decrease in 
bursting strength of the fabrics. 

3.3. Pilling Resistance 
Pilling resistance of the samples are given in table 5. It can be seen that ring yarn 

samples provide higher pilling tendency than vortex samples. This situation arises from the 
higher number of protruding fibres ends from yarn structure in ring spinning technology 
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than vortex yarn. In vortex spinning technology, there is a group of fibres that provides 
wrapping around the yarn body. By this way, the number of protruding yarns ends from 
yarn body is decreased. The fabrics that are produced from ring spun yarns have hairier 
surface that causes pilling. In addition, it can be seen that usage of rPET fibre instead of 
VPET cause a slight decrease in pilling resistance for both ring yarn sample. With respect to 
vortex spinning, rPET usage instead of VPET results in enhancing the pilling resistance 
surprisingly. 

Table 5. Pilling resistance of sample fabrics 
Fibre composition Ring Vortex 

100% rPET  1/2  2/3 
50-50% rPET-Co  1/2  ¾ 
50-50% VPET-Co 2  2/3 

4. CONCLUSION

Increasing the rPET usage in textile production is an important issue and also a 
critical responsibility of commercial textile mills. Owing to this environmental 
responsibility, in this study it is aimed to investigate the reproducibility of rPET yarns 
and fabrics produced thereof by the most widely used spinning technologies as ring and 
vortex spinning. As a result of yarn production, it is seen that rPET and rPET-Co 
blended yarns have a good level of quality parameters for both spinning technologies 
except the yarn strength of rPET-Co blended yarns. Also, single jersey knitted fabrics 
were produced and dimensional stability, bursting strength and pilling resistance 
properties were demonstrated. As a result of fabric performance tests, it can be 
concluded that with respect to pilling resistance and skewness rPET usage do not 
provide any negative effect for both ring and vortex spinning technologies. Dimensional 
change values of all fabric types used in the study are below the commercially 
acceptable limits. Regarding the bursting strength performance, the decrease caused by 
usage rPET usage may be compensated by using vortex spinning technology instead of 
ring spinning. Consequently, by the important know-how gained by this study, it can be 
concluded that it is possible for textile mills to produce environmentally friendly rPET 
knitted fabrics commercially. 
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Abstract: The factors of increasing productivity, reducing the cost and the quality improvement are the most 
important research concerns in weaving machinery. Increasing the effectiveness and productivity of production 
were achieved by increasing the operating time and efficiency of weaving looms. Thus, the manufacturers of 
weaving equipment attempt to minimize factors that limit production speed and production conditions. Heald 
frame is one of the known parts of the weaving machine that causes vibrations and noise which are important 
factors  that influence high-speed development of looms. In this research work, study of mechanical factors 
(stresses and vibration) has been investigated for heald shaft. Finite element model of the heald frame was 
constructed to simulate different type of material. Then some important natural frequencies and vibration modes 
are calculated and the results. Results show a major improvement with the usage of these different material. As 
well as the failure of heald shaft is mainly due to friction and vibration and not due to the stresses or weight. 
 
Keywords: heald frame, composite, carbon-fibre, glass-fibre, vibration, finite element, weaving machine 

 
1. INTRODUCTION 

 
It is fundamentally a known fact that the heald frames move constantly in a vertical 

reciprocated movement in order to raise the warp yarns to provide the interlacing with weft 
yarns. The minimum number of heald frames is two. In case of complex weaving patterns, 
more heald frames are required [1]. Consequently, the shedding motion and warp tension are 
strongly influenced by the heald shaft's motion. Looms should be equipped with more heald 
frames and moving at high speed [2]. Vibration of the heald frame may causes breakage of 
yarns and reduces weaving efficiency that leads to limiting and reducing the speed of the 
loom. So, a lot of researches have been done to develop and improve the performance of the 
heald shaft. The design and development of heald frame mechanism was carried out in Air-jet 
weaving machine in order to save energy newly developed high-volume-low-pressure relay 
nozzles had been used also for very high operating speeds [3,7]. The dynamic force of the 
heald is less than the resultant forces influencing the heald. Under the influence of pulling the 
warp ends down ward, the heald changes its movement direction and moves in the direction of 
the carrying healds movement[4]. 

Composite material was proposed to be used in manufacturing the heald frame. 
Composite materials are formed by combining two or more materials so that they have better 
engineering properties than conventional materials, e.g., metals. Some of the properties that 
can be improved by forming a composite material are hardness, strength, weight reduction, 
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wear resistance, fatigue life and wear resistance. Composite materials are commonly formed 
in fibrous structure, which is made up of fibres and a resin as a matrix material [5,6]. 

Thus, the aim of this work is to compare between the traditional heald frame that is 
used in industry and a modified heald frame made of composite material to reduce the stresses 
and vibration on heald shaft using different materials on the performance of the loom using 
simulation software - ABAQUS platform [8]. 

2. MATERIALS

The material properties which were used in this study are illustrated in table 1 and table 
2. As well all the measurements and experiments in this research were performed on air jet
weaving machine heald shaft frame. 

Table 1. Material properties used in traditional model 
Material Modulus of elasticity 

(MPa) Poisson ratio Density (tonne/mm3) 

Steel 210000 0.3 7.874 E-9 
Aluminium 70000 0.34 2.7 E-9 

Table 2. Material properties used in modified model 

Material 
Density Modulus of elasticity Poisson ratio Shear modulus 

(tonne/mm3) E1 
(GPa) 

E2 
(GPa) 

E3 
(GPa) γ12 γ13 γ32 G12 

(GPa) 
G13 

(GPa) 
G23 

(GPa) 
Glass fibre 
composite 1.57778E-09 23.62 9.87 9.87 0.23 0.23 0.23 4.0 4.0 4.0 

Carbon fibre 
composite 1.56E-09 136 11.9 11.9 0.29 0.29 0.4 4.86 4.86 4.4 

3. FINITE ELEMENT MODEL (FEA) & METHODOLOGY

The modelling of the orthotropic materials was made using Abaqus CAE software to 
construct finite element model of the heald frame, the properties of materials used in structure 
of the old heald shaft frame as shown in table 1, the properties of materials used in structure of 
the new modelling of the heald shaft frame via Abaqus software is shown in table 2. Figure 1 
illustrate the model of conventional heald shaft frame that is used in industry, with length of 
2000 mm, height 550 mm and thickness 20mm. Assuming the motion of heald shaft frame is a 
simple harmonic motion with maximum displacement 80 mm and dwell period of 120 degree. 
Figure 2 illustrates the part meshing shape of heald shaft frame. 

Figure 1. The model of conventional heald shaft frame 

216



Figure 2. The part meshing shape of heald shaft frame 

Figure 3. shows the arrangements of the various composite layup and the orientation 
of the fibres, the composite layup is shown for zero-degree, forty-five-degree, ninety-degree, 
forty-five-degree, zero-degree, forty-five-degree, ninety-degree, forty-five degree, and zero-
degree. The model consists of nine laminae. 

Figure 3. The arrangements of the various composite laminates 

4. RESULTS

The following part enlightens the results obtained from the analysis of finite element 
design of heald frame. 

4.1 Stresses 
Figure 4 illustrates the stress analysis of the heald shaft made of aluminium alloy, the 

maximum stress obtained was 24.68 MPa concerted at the side edges of heald frame. Figure 5 
shows the stresses analysis of the heald shaft made of glass fibre; the maximum stress 
obtained was 9.064 MPa concerted at the side edges of heald frame. Figure 6 displays the 
stresses analysis of the heald shaft made of carbon fibre, the maximum stress obtained was 
7.78 MPa concerted at the upper middle part of heald frame. All the obtained results of the 
stresses were within the design factor of safety. 
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Figure 4. The maximum stress of heald shaft made of aluminium alloy 

Figure 5. The maximum stress of heald shaft made of composite of glass-fibre 

Figure 6. The maximum stress of heald shaft made of composite of carbon-fibre 

4.2 Vibration  
Figure 7 shows the natural frequency analysis of the heald shaft made of aluminium 

alloy; the natural frequency obtained was 14.76 Hz. Figure 8illustrates the natural frequency 
analysis of the heald shaft made of glass fibre the natural frequency obtained was 9.064 Hz. 
Figure 9 demonstrates the natural frequency analysis of the heald shaft made of carbon fibre 
the natural frequency obtained was 7.78 Hz. Results show low frequency range for composite 
material which requires more research work. 
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Figure 7. The Natural frequency of heald shaft made of aluminium alloy 

Figure 8. The Natural frequency of heald shaft made of Glass fibre composite 

Figure 9. The Natural frequency of heald shaft which made of carbon fibre composite 

Table 3 demonstrates the comparison between the results of traditional heald frame 
made of aluminium and the modified model made from glass and carbon composite material. 
Figure 10 presents the comparison of natural frequency between traditional heald shaft and 
modified model made from glass and carbon composite material. Figure 11 illustrates the 
comparison of stresses between traditional heald shaft and the modified model made from 
glass and carbon composite material. 

Table 3. Natural frequency and the stresses of two type of models 
Materials Aluminium alloy Glass fibre composite Carbon fibre composite 

Frequency (Hz) 14.76 2.96 3.61 
Stresses (MPa) 24.68 9.064 7.78 
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Fig. 10. The comparison of natural frequency 

Fig. 11. The comparison of the stresses 

As seen from figures 10 and 11, when the composite of carbon-fibre and the 
composite of glass-fibre were used as the material of heald frame, the natural frequency 
obviously decreased compared to aluminium alloy material. The smallest value makes 
fundamental frequency of heald frame decreased to 2.96 Hz. that is less than 11.8 Hz. of the 
aluminium alloy material, leading to the reduction of the loom’s speed. Also, the stresses 
decreased obviously relative to aluminium alloy material. 

5. CONCLUSIONS

 The study estimates the dynamic nature of the movement of the heald shaft with 
relative to each other. For predicting low stresses, a computer program based on this model 
was developed. The finite element model of heald frame with composite of carbon-fibre and 
glass-fibre were constructed. The stresses obtained from the Abaqus is very low compare to 
the maximum load from yarn tension during operation case, therefore, the heald shaft is 
recommended to be made from another material. The composite model provided low cost and 
low strength, but the fundamental frequency of this method is decreased by 11.8 Hz to that of 
the heald frame with aluminium alloy. So, the vibration in working condition of looms is 
effectively decreased. 
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Abstract: The paper presents a study about the thermoregulation in the case of premature babies and the 
importance and influence of their clothing in this complex process. The temperature of premature babies has 
to be between 36.5 - 37.5°C but, hypothermia (axillary temperature <36.5°C) is a common situation. This is 
primarily due to a large surface area and metabolic mass ratio that results in heat loss. Hypothermia among 
new-borns is considered an important contributor to neonatal morbidity and mortality. In this context, it has 
been identified that clothing products are recommended to maintain the optimal body temperature for those 
born prematurely. The elaborate clothing products aim at maintaining a thermal comfort and certain 
physiological indicators. Skin temperature and tactile sensations also play an important role in the growth and 
development of premature babies. In this regard, 15 premature infants were used as study subjects and their 
temperature profile was recorded. The proposed clothes aimed to maintain the baby's temperature in the 
normal range and provide a pleasant aesthetic appearance, while helping to improve the medical 
manipulations to which these children are subjected. 

Keywords: body temperature, thermoregulation, clothing, comfort, premature babies 

1. INTRODUCTION

The World Health Organization (WHO) has recognized neonatal hypothermia as a 
contributing factor to the risk of morbidity and mortality in newborns. Hypothermia was 
defined by the WHO as body temperature below normal (36.5°C - 37.5°C) and was sub-
classified into three grades: mild (36.0°C - 36.5°C), moderate (32.0°C - 35.9°C) and severe 
hypothermia (<32.0°C) [1]. For each of these classifications, there are guidelines in place to 
respond to or manage hypothermia [2]. Furthermore, the WHO has published guidelines on 
thermal care and has included thermal care for newborns as one of the essential elements of 
essential care for newborns (ENC) that should be provided to all newborns, regardless of 
how the temperature is taken [3]. 

The American Academy of Pediatrics (PAA) [4] and the American College of 
Obstetricians and Gynecologists (ACOG) (1997) [5] and the World Health Organization 
(WHO) [1] define normal axillary temperatures to be between 36.5°C and 37.5°C. 
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2. NEONATAL THERMOREGULATION

Hypothermia occurs when the axillary temperature of the newborn drops below 
36.3°C [5] or below 36.5°C [1,4]. We highlight the following characteristics of preterm 
infants with a higher risk of heat loss: 

• A high ratio between surface and body
• Decreased subcutaneous fat
• Higher water content for the body
• Immature skin that leads to increased water by evaporation and heat loss
• Poorly developed metabolic mechanism to respond to thermal stress (eg no

tremors)
• Altered blood flow (eg peripheral cyanosis) [1,6-8].

Premature neonates are at an increased risk of developing hypothermia and are more 
vulnerable to cold stress than the term ones. The axillary temperature (figure 1) should be 
monitored within the first 30 minutes of life, and then every 1 hour, and should be 
maintained between 97.7°F and 99.5°F (36.5°C and 37.5°C) [9]. 

Figure 1. Newborn temperature  (oC) 

Early clinical signs which should arouse suspicion of cold stress due to hypothermia 
are: the feet are cold to the touch; weak sucking ability - inability to nurse; reduction in 
activity - lethargy; and a weak cry [10]. Thermoregulation is a biological priority for all 
homeothermic species [11]. New-borns, particularly preterm and low-birth weight (LBW) 
infants, have limited capacity for thermoregulation during the first weeks of life. The 
optimal environmental temperature is named thermal neutral temperature, at which 
metabolic requirements of the organism are minimal [12,13]. Both a decreased and an 
increased core temperature increase the metabolic rate of newborns, [13] who have only 
very limited ability to maintain a normal temperature and easily become hypothermic or 
hyperthermic (tables 1 and 2). 

Table 1. Normal human body temperature and hypothermia [1] 
Description Range 

Normal 36.5 - 37.5oC 
Cold Stress Moderate 36.5 – 36oC 

Hypothermia 36 – 32oC 
Severe Hypothermia < 32oC 
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Table 2. Risk factors of prematurity for hypothermia [14-16] 
No. Risk factors 
1 Increased surface area to body mass ratio 
2 Decreased subcutaneous and brown fat 
3 Greater body water content 
4 Increased evaporative water and heat losses due to immature skin barrier 
5 Decreased body tone 
6 Immature thermoregulatory system 

Below we present ways to lose body heat: evaporation, conduction, convection and 
radiation (figure 2). 

Figure 2. Ways of heat loss  [13] 

3. THERMAL SUPPORT OF MODERATELY PREMATURE NEONATES

From the above discussion one can realize the importance of providing thermal 
regulation that supports the immature structural and functional integrity of premature 
neonates. Thermal regulation is important because heat production requires oxygen 
consumption and energy use:   

Persistent hypothermia (table 3) may deplete energy stores impairing weight gain. 
The following section will present the study of interventions that mainly reduce premature 
neonates heat lost by the four modes (table 2) and support the conservation of energy 
balance [17]. 

3.1. Measures to prevent hypothermia  
The main measures that may prevent hypothermia include: 
1. Increase the room/delivery room temperature > 25°C (77°F).
2. Use of radiant warmer for resuscitation if available.
3. Use of chemical warming mattress.
4. Use of occlusive/polyethylene wrap or large plastic bag (i.e. gallon size food

grade storage bag) for neonates <28-30 weeks’ gestation. 
5. Use of knit hat.
6. Neonates born at more than 32 weeks gestation may be placed skin-to-skin with

mother, if stable. 
7. To avoid burns, hot water bottles or gloves filled with hot water, to warm the

neonate, are forbiden [18]. 
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3.2. Materials and methods 
The aim of this study was to maintain the warmth of premature and low birth weight 

babies, to improve infant state and to determine the safety and efficacy of designed clothing 
products. The study took place inside the Gh. Paladi or Chisinau hospital, where the medical 
histories of premature babies were studied. During the study were present medical sisters 
and doctors responsible for the given department. Premature babies were dressed in ordinary 
products and products of appropriate size (body and pants, socks, gloves, hat) were 
subsequently monitored to monitor body temperature. The time interval was 15 minutes at 
the first measurement of body temperature after every 30 minutes for 24 hours. The data 
were collected in subsequently processed documents. 

Local reactions, if any, due to the texture and quality of the textile material that come 
in contact with the baby's skin, have also been closely monitored. 

We observed 15 premature and low birth weight infants who were hospitalized in the 
NICU and were kept in an incubator or under radiant heating conditions. Each child's 
temperature started at 36.5°C - 37.5°C. These infants were constantly monitored for their 
temperature profile. The average weight of these infants was 1.65 kg, and the average 
gestational age was 34.75 weeks. 

3.3. Results 
The data of the study were collected in the form presented in table 4, which shows 

the values of body temperature of children dressed in different products. From the analysis 
of these data we conclude that children who have been dressed in morphometrically adapted 
products show an insignificant decrease in body temperature. 

Table 3. Study sample 
Time, 

min/no. 0 15 30 45 60 90 120 150 180 210 

1 37 37.3 36.8 37.2 37 36.5 36.9 37 37.2 36.8 
2 36.6 37.4 37.3 37.2 37 36.6 36.4 37.3 37.1 37 
3 36.6 37.5 37.6 37.2 37 37.4 37 36.5 - - 
4 36.6 37.6 37.8 37.3 37.4 37.2 37.3 36.4 36.7 37 
5 36.8 37.3 37.5 37.3 36.7 36.8 37 37.2 36.3 36.6 
6 37.2 36.8 37.3 37.6 37.2 36.6 37 36.5 37.2 36.5 
7 36.8 37 37.4 36.9 37 37 37.5 37 37.4 36.5 
8 36.8 37.5 37.6 37.4 37 37.4 37 36.5 - - 
9 36.9 37.6 37.8 37.6 37.4 37.2 37.3 36.4 36.7 36.5 

10 37 37.3 36.8 37.2 37 36.5 36.9 37 37.2 37 
11 36.8 37.4 37.3 37.2 37 36.6 36.4 37.3 37.1 37 
12 36.7 37.5 37.6 37.2 37 37.4 37 36.5 - - 
13 36.9 37.6 37.8 37.3 37.4 37.2 37.3 36.4 36.7 36.5 
14 37 37.3 37.5 37.3 36.7 36.8 37 37.2 36.3 36.5 
15 36.8 37.6 37.1 36.8 37.2 37 36.6 36.9 36.8 37 

4. CLOTHING INFLUENCE ON THERMOREGULATION

Temperature regulation is an important function for homeothermic organisms, 
because body temperature ensures the balance of metabolic chemical reactions and its 
optimal overall state. The study [19] focused on aspects of thermoregulation at the birth of 
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VLBW (small children with birth weight), including epidermal water loss and temperature 
control, during stabilization and on admission to the neonatal intensive care unit. 

Clothing plays an important role in this context. It is known that clothing products 
form a microenvironment, an insulating layer with properties to reduce the degree of heat 
loss by evaporation. The developed clothing products aim at increasing the thermal 
insulation, offering psychosensory and thermal comfort to the child. Therefore, one of the 
benefits of manufactured products is increased functionality and reduced heat loss. 

We took also into consideration that advances in textile research have identified that 
thermoregulation can be improved through the use of materials with hygienic, aesthetic and 
physical-mechanical properties. The materials used to make these products were those with 
the fibrous composition of natural fibers (organic cotton, flax, lyocel). The materials have 
high hygienic properties, are soft and allow the exchange of heat and humidity with the 
environment. 

In the development of the functional clothes (figure 3) some important aspects were 
taken into account, such as: 

- infants have a large body surface area in relation to their weight;  
- the ratio between surface and body weight is two to three times higher than in 

adults; 
- the head of an infant is large regarding the proportion of the body; 
- in the case of newborns, up to 75% of the body heat loss may be from an uncovered 

head; 
- premature and low birth weight babies have less subcutaneous fat for insulation and 

thus lose heat more easily; 
- because babies do not have body fat, they cannot regulate their body temperature; 

prolonged exposure to environmental factors outside the incubator cools babies' bodies. 
The given products are qualitative; they correspond to all the clothing requirements 

for premature babies, which take into account their degree of development and needs, in 
order to allow them an easy and comfortable growth. Thus we satisfy the mothers and the 
medical staff with hygienic, aesthetic products and adequate given situation. 

Figure 3. Functional clothes for premature babies 

The shape of the product is obtained by winding, the closing system is on the upper 
and inner edges, with buttons, and has no contact with the child's body, and the product has 
holes for: head, upper and lower limbs. 

Thermal comfort is ensured by the constructive and technological solution proposed 
for premature babies. The anthropomorphological adaptation of the products to the 
requirements and needs of premature babies for static and dynamic positions, offers the 
possibility to provide medical help in a short time. 
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5. CONCLUSION

The proposed solution is one of the strategies applied in order to increase the efforts 
of medical institutions as well as of parents whose final goal is to improve the chances of 
survival and rehabilitation of preterm babies. 

Particularities of the premature child's physical development, including the 
thermoregulation system, determine the hygienic and thermal insulation requirements 
imposed on clothing products. 

This specific problem is behind ongoing efforts to find solutions to eliminate 
hypothermia in the case of premature infants. One of the issues addressed is the use of 
appropriate clothing products for premature babies. The products offer thermal insulation 
and convenience when performing various medical movements and manipulations. 
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Abstract: Every year, millions of peoples are affected by skin injuries of either an acute or chronic nature. 
Worldwide 300,000 people die every year in lower-middle-income countries due to chronic wounds and burn 
injuries. Wounds are described as the disruption in the skin integrity and function, which arises from different 
causes such as trauma, surgery, diabetes, and burns. Skin provides a mechanical barrier against the external 
environment and has further roles in thermoregulation, metabolism and regulation of fluid balance. Skin 
diseases can affect each of these regions and they can be influenced by body size, sex, age, medications, diet, 
and microenvironment. Also, they can manifest whether the skin is healthy or diseased. Wound dressings are 
critical to wound care, providing a physical barrier between the wound and the external environment to 
prevent further damage or infection. The most promising wound dressings are biocompatible, enable physical 
protection of the wound milieu against penetration of bacteria and are highly porous. The use of natural 
biocompatible drugs is highly desirable in wound dressing compared to synthetic chemicals. To achieve an 
adequate therapeutic effect, different polymeric systems are used for drug delivery. To improve drug efficacy, 
safety, patient compliance and convenience a drug delivery system is modified to enhance drug release profile, 
absorption, distribution and elimination of the drug. The present review is an attempt to brief readers about 
the engineering of wound dressing materials from natural and synthetic sources upfront using active 
principles, such as bee products, drugs, essential oils, metallic nanoparticles and vitamins. 

Keywords: drug delivery; essential oils; hydrogels; metallic nanoparticles; wound dressings 

1. INTRODUCTION

The skin is the largest organ in the human body. It accounts for about 15% of the 
total body weight of an adult and has a surface area of 1.5-2 m2 and it plays an important 
role in continuously maintaining life [1,2].  

Wound healing is a dynamic process that comprises a synchronized effort by a 
multitude of biological pathways and is generally divided into multiple phases such as 
swelling, angiogenesis, proliferation and final development [3]. 

Bacterial wound infection delays wound healing and may lead to life-threatening 
complications. Human skin is colonized by trillions of microorganisms, referred to as the 
skin microbiome. Breakdown of the symbiotic relationship between the human host and 
microbiome can contribute to the pathogenesis of many skin diseases, including atopic 
dermatitis, psoriasis and acne [2,4].   

229



Bacterial infection during the wound healing process is also a common challenge, 
resulting in hard-to-heal or chronic wounds. Up to now, different materials with 
antibacterial properties have been reported for wound dressing application, such as 
biopolymers (chitosan, ε-polylysine, alginate, xanthan, gelatine, etc.), metallic particles 
(ZnO, Ag, etc.), essential oils, and so forth [5]. 

The development of wound dressings has partly improved the effect of wound 
management. There is an urgent need to develop a new type of wound dressing with 
comprehensive performance to achieve multiple effects such as protecting the wound site 
from the external environment, absorbing wound exudate, anti-inflammatory, antibacterial, 
and accelerating the wound healing process [6]. 

2. GENERAL INFORMATION

2.1. Structure and function of the skin 
Structurally, the skin is divided into three distinct layers (figure 1.): 
• Epidermis: The epidermal layer is the outermost layer and is populated mostly

by keratinocytes and it is responsible for skin colour, texture, and moisture. 
• Dermis: The dermis is composed of a thin, looser papillary dermis and a thicker,

denser reticular dermis and it is responsible for the regional variation in skin 
thickness. It is composed primarily of collagen, but also contains elastin, blood 
vessels, nerves, and sweat glands [7]. 

• Subcutaneous layer: The subcutaneous tissue is made of fat and connective
tissue [8]. 

Figure 1. An illustration of the skin anatomy [9] 

Some of the crucial functions of the skin are listed below: 
• Skin provides a physical barrier against the external environment and helps to

reduce water loss through the water-impermeable stratum corneum. 
• The skin is important for thermoregulation
• Skin contributes to innate and adaptive immunity. Keratinocyte-derived

endogenous antimicrobial peptides are active against a variety of bacteria,
viruses and fungi.

• The skin is important for sensory perception because of its rich supply of free
nerve endings and end-corpuscles.

• Subcutaneous fat is important in cushioning trauma and providing insulation.
• Skin is important for the synthesis of vitamin D (bone formation, calcium

metabolism and aspects of immune regulation) [2].

2.2. Wound dressings 
 Skin wound dressings are a crucial segment of the wound care industry and trade 

worldwide. 

Epidermis 

Dermis 

Subcutaneous layer 
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 The wound dressings currently available in the market are typically in the form of 
hydrogels, films, sponges, and foams. As a relatively new class of wound dressing 
materials, nanofibers have emerged that offer distinct advantages [10]. 

A favourable wound dressing must prevent the wound from infection, provide 
adequate moisture, eliminate wound exudates, and encourage further tissue restoration. 
Accelerating the recovery rate of a tissue injury with minor scarring and the highest 
regeneration is the primary goal of wound healing [11]. 

 The ideal wound dressing material is biocompatible, moisture-retaining, gas 
permeable, adequate as a barrier against dust and microorganisms, and non-adhesive so that 
it can be removed easily with no trauma [4]. 

3. HEALING PROCESS

 The wound healing process is regulated by complex molecular mechanisms and is 
susceptible to interruption by many factors, such as size, depth, origin, and level of 
contamination [6]. 

 Traditionally, wound healing processes have been divided into four overlapping 
phases of hemostasis, inflammation, proliferation, and remodelling. Wound healing 
represents a very complex process that requires a long time to be complete, as the 
remodelling phase to form the proper environment can last from 21 days to 1 year [1,12]. 

4. ACTIVE PRINCIPLES

 There are many antibacterial agents available to cure infections, but the systemic use 
of antibacterial agents is not only less effective to manage skin infection but also causes of 
increasing microbial resistance. Encapsulation of bioactive compounds, for antibacterial 
activity, has been remained a hot topic since the last decade. These compounds are both 
synthetic and natural. Encapsulation of bioactive compounds is a possible strategy to 
increase the physical stability of the active substances [13,14]. 

Figure 3. Main types of nanomaterials can be used for wound treatment [12] 

4.1. Vitamins 
 Recently, the target delivery of vitamins has gained increased interest for wound-

dressing applications [15]. 
Vitamin C is a well-known natural antioxidant involved in all phases of wound 

healing, mainly in the collagen formation phase. This vitamin is extensively used for the 
prevention of colds and bacterial and viral illnesses [16]. 

Vitamin A and E can increase collagen deposition in the repair zone of a wound. 

231



However, they suffer from stability issues. Thus, derivatives have been developed: Vitamin 
A palmitate is a lipid-soluble substance used for the treatment of skin diseases and offers 
greater stability than vitamin A [17]. 

 Recent studies reported that Vitamin E can significantly contribute to the healing of 
wounds, through diverse mechanisms such as protection of biological membranes against 
lipid peroxidation, antioxidant and anti-inflammatory activities [15]. 

 Vitamin D3 (1, 25-dihydroxy vitamin D3), is one of the most effective therapeutic 
agents which has fascinating impacts on the skin wound healing process [18]. 

4.2. Drugs 
 Infections provoke tissue necrosis, subsequently delay the healing process and 

extend the healing period with dramatic consequences for the patient.  Even though 
polymers have outstanding cytocompatibility, their antibacterial characteristics are 
unsatisfactory in preventing infections. Infected wounds request the use of antibacterial 
dressings to eradicate bacterial colonization in order to allow the beginning of the healing 
process. As necrotic tissues are poorly irrigated, local treatments give better results than 
systemic administration [19,20]. 

Table 1. Different types of drugs used in the synthesis of wound dressings 
Active principle Matrix Wounds Highlights 

Heparin PLGA/ Curcumin 
nanofiber membrane 

Diabetic wound 
healing 

Accelerates wound closure by promoting 
re-epithelization, angiogenesis and 

collagen deposition [21] 

Chlorhexidine PET/ Chitosan All types 
(antiseptic) 

Antibacterial activity against S. aureus up 
to 30 days [19] 

Bacitracin Poly-3-hydroxybutyric 
acid/ Alginate 

Dermal 
reconstruction 

Good in vitro biocompatibility, cell 
proliferation and antimicrobial activity 

[22] 

Gentamicin Chitosan/ Alginate 
nanofiber 

Skin 
regeneration High antibacterial performance [20] 

4.3. Bee products 
 Honey is an ancient therapeutic nutrition that also shows remarkable antimicrobial, 

anti-inflammatory and antioxidant performance, thanks to its acidic nature. Conventionally, 
honey has been applied to treating burns, non-healing and infected ulcers and wounds, 
pilonidal sinus, venous and diabetic foot boils [10]. 

Propolis extract, another bee product can be combined with different polymers and 
used for bone tissue engineering and wound dressing applications. In the study made by 
Ceylan (2021) was proved that propolis incorporation into membranes based on 
PVA/chitosan significantly promoted cell proliferation and adhesion. Water uptake and 
contact angle measurements showed that water uptake capacity and hydrophilicity are 
increasing with propolis concentration [23].  

All types of propolis have antibacterial properties. Veiga et al. (2017) reported that 
poplar propolis has antibacterial effects against both Gram-positive and Gram-negative 
microorganisms including multidrug-resistant bacteria such as MRSA. 

Honey samples and aqueous propolis extracts have antimicrobial activity against the 
S. aureus, P. aeruginosa,  E. coli, B. cereus, and C. albicans  strains [24]. 

4.4. Metallic nanoparticles 
Researches have shown that metal and metal oxide nanoparticles provide broad 
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antimicrobial activities. 
 Silver nanoparticles (Ag-NPs) are among the most effective and investigated 

nanoparticles that have been shown to be effective against multidrug-resistant bacteria. 
However, researches have demonstrated that a high concentration of Ag-NPs could be 
cytotoxic to human cells due to the uptake of Ag-NPs by cells and/or reactive oxygen 
species (ROS) related to oxidative stress [25]. 

 ZnO on a nano-scale presented higher antibacterial behaviour because of the higher 
amount of zinc ions on the surface for improving re-epithelialization, reducing inflammation 
and bacterial growth [26]. 

Table 2. Different types of wound dressings based on metallic nanoparticles 
Metallic nanoparticle Matrix Name of materials Highlights 

Ag NPs 

Nanofibrous 
matrices and 

Scaffolds 
Silk fibroin /Ag NPs Antibacterial [4] 

Gum Persian gum/ Ag NPs 
High bacterial efficiency against both 

gram-positive S. aureus and gram-negative 
P. aeruginosa [25] 

TiO2 NPs 

Nanofibrous 
matrices and 

Scaffolds 
Silk fibroin /TiO2 

Antibacterial activity demonstrated against 
E. coli bacteria under UV light [27] 

Hydrogels PVA/SA/TiO2-CUR 
Exceptional wound healing ability by 

restricting bacterial growth and enhancing 
tissue regeneration [28] 

ZnO 

Bi-layered 
hydrogel films Sodium alginate/ZnO Good antibacterial properties and no 

significant cytotoxicity [29] 

Hydrogels PVA/Chitosan/ZnO Biocompatible and nontoxic, and were 
significantly able to protect the wounds 

against microorganisms [30] 

Hydrogel Silk fibroin /ZnO 
Significant antibacterial property; 

adherence, growth, and proliferation of the 
fibroblast cells [31] 

4.5. Essential oils 
 Essential oils, also called volatile natural mixtures, are plant secondary metabolites 

that exhibit antioxidant, antiviral, anticancer, insecticidal, anti-inflammatory, anti-allergic 
and antimicrobial properties. The plant essential oils destroy the cytoplasmic membrane of 
bacteria through demolishing the cell membrane and inducing coagulation in bacteria cell 
matters, but they can be rapidly decomposed under inappropriate conditions of heat, 
humidity, light, oxygen, and so forth [14, 32].  

Table 3. Different types of wound dressings based on essential oils 
Essential oil Matrix Highlights 

Tea tree Hydrogel Significant antiedematogenic and wound healing effect [33] 
Oregano PLCL/Silk fibroin Excellent antibacterial activity [13] 

Clove Wax A good inhibition of the butyryl and acetylcholinesterase enzymes 
[34] 

Cinnamon Emulsion Effective against E. coli growth and C. albicans [35] 
Peppermint Emulsion Effective against E. coli growth and C. albicans [35] 
Lemongrass Emulsion Effective against E. coli growth and C. albicans [35] 
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5. CONTROLLED DRUG RELEASE

Drug delivery devices are promising tools in the pharmaceutical field, as they are 
able to maximize the therapeutic effects of the delivered drug while minimizing the 
undesired side effects [36]. 

A formulation that will provide a continuous discharge of its active agent at a fixed 
rate for a predetermined time sums up as a controlled release dosage. It had begun with the 
oral administration but recently found its place in parenteral administration, ocular insertion 
and transdermal application too [37]. 

Advanced wound dressings are divided into seven categories: semi-permeable films, 
semipermeable foam dressings, hydrogel dressings, hydrocolloid dressings, alginate 
dressings, non-adherent contact layer dressings, and multilayer dressings [12]. 

As the matrix, hydrogels provide a convenient delivery platform for the controlled 
release of loaded drugs, growth factors, cytokines, and even cells [38]. 

The types of wounds that may heal faster-using hydrogel wound dressing include: 
• Hydrogel wound dressing provides a soothing effect in order to alleviate

excruciating pain and tenderness of the skin in minor burns.
• Hydrogel provides sufficient hydration to help with skin moisture retention and

provide effective healing in dry wounds.
• Applying hydrogel wound dressing for depressed wounds will likely improve

tissue growth and minimize the risk of having a healed but dented wound site.
• Hydrogel wound dressing promotes faster healing since it does not stick or

allow necrotic tissue to slough off during healing [6].

6. CONCLUSIONS

This review briefly presents the wound healing process, wound dressing function 
and introduces different dressings fabricated using biopolymers (chitosan, poly(lactic-co-
glycolic acid), polyethylene glycol, alginate, xanthan, gelatine, etc.) functionalized with 
active principles (bee products, drugs, essential oils, metallic nanoparticles, and vitamins). 

With the advent of new technologies, a wide range of antimicrobial/antibacterial 
textile products is now available for the benefit of medicinal applications. The development 
of new biocompatible and biodegradable nanomaterials, which are capable of regulating all 
phases of wound healing, incorporate antibacterial properties and have self-healing and 
excellent mechanical properties, is an essential and increasing issue worldwide. 
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Abstract: With the progress and development of science and technology, virtual reality technology is becoming 
more and more present, its application in digital creations is becoming more and more widespread. 
Everything the user does is calculated by the computer and has real-time feedback, making this virtual 
environment more realistic and giving the user an immersive experience. This technology integrates the latest 
developments in computer science, computer simulation, artificial intelligence, recognition, display and online 
parallel processing. Virtual prototyping offers a new way to explore the design and subsequent changes that 
need to be made to the product before it is manufactured in larger quantities or put into production. The 
development of new product models using virtual tools requires a certain level of training of the designer; 
he/she must have skills in understanding and using the specific tools for CAD systems (2D and 3D) and 
technical knowledge regarding the ways of conceptual product development. This paper presents the 
methodology of the virtual development process for an apparel product model, using the tools of the 2D and 
3D digital environments. The first solution is to design the 2D patterns of the components of an apparel 
product, followed by a 3D simulation that verifies the aforementioned solution. The second solution is to 
design the 3D components using the tools of the 3D digital environment (the software used is Clo3D) and then 
extract the 2D parts required for the classical manufacturing process. 

Keywords: digitalisation, virtual prototype, 2D patterns, 3D simulation 

1. DIGITALISATION-THE NEW REALITY

Digitalisation is regarded as a major phenomenon that has drastically changed 
society. Technological advancement ensures a better quality of life, as well as social 
evolution. Digital technology lies at the forefront of technological development, and its 
effects are felt in all economic and social sectors [1]. 

A report from early 2021 shows that the number of people that use internet for 
socialising, communication, professional activities, product/service acquisition is currently 
increasing [2]. 

Even though 3D technology has been used in engineering fields for many years 
(furniture industry, automotive, aerospace, etc.), it has been used in the apparel industry for 
a relatively short period of time. This kind of technology comes with a whole range of 
advantages. It can be used at every stage of the product development process, from design 
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and sampling, as well as for 3D images and videos for product website pages or fashion 
shows (figure 1). 

Figure 1. Digital Around The World – Ian 2021[2] 

Virtual prototypes provide the designer with new methods of creating products and 
of simulating what they will be like in reality, before being physically manufactured. 

The development of 3D technologies has a positive impact on the field of consumer 
goods. This kind of technology provides the environment and tools that are necessary in 
order to simulate the desired product in a virtual space. At the same time, it allows the user 
to validate the design solution, and to cut down on production costs, energy consumption, 
pollutants, labour, thus making the design process sustainable [3,4]. 

 The paper presents the main steps of the virtual development process for an apparel 
product model, which uses the tools provided by 2D and 3D digital environments: 

• Designing the 2D patterns of the components of a garment product, followed by
a 3D simulation which verifies the aforementioned solution;

• Constructing the 3D components by using the tools of the 3D digital
environment (the software that has been used is Clo3D) and then obtaining the
2D pieces which necessary for the classic manufacturing process.

2. VIRTUAL METHODS OF DESIGNING GARMENTS

Digitalisation boils down to "the transformation of interactions, communications, 
relationships, business functions, and business models into multiple digital processes, often 
reduced to a combination of digital and physical processes. Digitalisation involves the use of 
digitised information (or information directly received in a digital format) [3]. 

Increasingly many apparel companies are using digital tools, and this comes with 
several advantages: 

- the reduction of the time that is necessary to produce the first prototype, 
- a significant reduction of the manufacturing costs, 
- the reduction of waste, 
- the possibility of making changes in real time, and of viewing them, 
- the possibility of diversifying the model – by combining or altering the textures of 

materials, 
- the possibility of co-creation service, 
- improved communication between the development and production departments, 
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- online promotion of the created model. 
The digital approach to the virtual development of apparel product models can be 

implemented in two ways: 
-a 2D design process of the product components, followed by a 3D simulation on the 

corresponding virtual mannequin; 
-a 3D design process that is directly carried out on the mannequin, followed by the 

extraction of the 2D patterns that are necessary for the manufacturing process of the selected 
model. 

In CAD applications based on the first type of approach (from 2D → 3D), one edits 
the shape of the components are performed in the 2D module, and then proceeds to the 3D 
simulation stage. 3D simulations enable one to visualise the behaviour of the materials in the 
final product (in this way, one can verify that they have been chosen in accordance with the 
model and the intended purpose). 

In applications based on 3D design, one makes the changes in the design area (3D), 
and then extracts the 2D shapes of the parts (if the product is made with classical 
technology, the sewing). The 3D shape of the model (if one can be created) can be exported 
to a 3D printer in order to obtain the desired product. 

The two methods of virtual development of the clothing product models are 
illustrated for a product with shoulder support (woman dress). The model has both 
symmetrical and asymmetrical markings, as well as division lines at the top for adjusting 
and volume at the bottom. The sleeve of the product is fitted with a cuff at the end (figure 
2). 

Figure 2. Model sketch 

2.1. Designing the model in 2D and validating the resulting prototype via 3D 
simulation 

Manufacturers of software for the clothing sector have developed software packages 
that allow an individualised / customised design of the patterns (Lectra, Gemini, Graphis, 
etc.) that takes into account the constructive aesthetic characteristics of the model and the 
physical characteristics of the wearer (conformation, proportions). For the selected model, 
the 2D design process of its components was carried out using the MTM module of the 
Gemini CAD system. In this design environment, depending on the chosen solution, the user 
picks certain initial data and processes certain mathematical relations in order to decide 
upon the dimensions of the components of the product. The structure of the initial data or of 
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the mathematical relations can be changed very easily depending on the requirements for the 
model/component. The design process of the shapes of the product components is carried. 
out in a layer called the geometric layer. If the product components are still linked with the 
geometrical layer in which the design was made, then any change in the size, volume and 
values of the initial data, or in the structure of mathematical relations determine the 
alteration of the product elements (figures 3, 4 and 5) [5,6]. 

Figure 4. The front model pieces 

Figure 3. The network for the main 
elements (front and back) 

Figure 5. The back model pieces 

After obtaining the shape of the components of the model, we proceed to the 3D 
simulation, which is performed in Clo3D [7,8]. In the simulation process, one takes into 
account the physical and mechanical properties of the materials, the manufacturing 
technology and a mannequin corresponding to the one used in the 2D design stage. 

The simulation process consists of: 
- selecting the avatar (the mannequin), choosing an appropriate shape and 

dimensions (size and posture), and scaling the mannequin until they are achieved. The 
values of body dimensions are similar with the one which were used in the design scenario 
(personalised); 

- placing the pieces near the avatar; 
- declaring the assembly lines; 
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- selecting the material (basic, since it is a single product); 
- simulating the sewing process, and checking the length of the assembly lines 

(figures 6, 7, 8 and 9). 

Figure 6. Checking the length of the sewing 
lines  

Figure 7. Establish the orientation of the 
fullness 

Figure 8. Product simulation- checking the 
distribution of the fullness Figure 9. 3D final model (virtual representation) 

During the simulation process, if the designer finds problems with the fit and 
position of the product on the avatar, he will return to the previous phase (2D design phase) 
and make the necessary changes to eliminate the problems. He will run the 3D simulation 
process again to be sure that the problems have been solved (figure 10). 

Figure 10. 2D model pieces 
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2.2. Directly designing the product on the avatar in a 3D virtual environment. 
Obtaining the corresponding 2D patterns.  

The direct 3D design of the product on the virtual mannequin requires knowledge 
and skills pertaining to the steps that are used in order to obtain the product components, 
physiochemical properties of textiles, expertise in anthropometry (static and dynamic 
regime), and in the usage of the tools provided by CAD systems. In order to obtain the shape 
of the component, the designer needs to know what they want to achieve, the logical and 
necessary steps for drawing the contour lines (model lines), the relationship between the 
product components and their support surfaces, and the contour, control and magnetisation 
points between the product and the body [9-11]. 

The designer selects the tools that are needed in order to draw the shape of the 
product component. The direct 3D dimensioning of the latter takes the silhouette and the 
details of the model into account. 

Before the 3D design phase, the designer analyses the silhouette of the model, 
evaluates the additions that are necessary in order to maintain the silhouette, and takes these 
details into account when drawing the product components on the avatar (figures 11-19) 
[5,7,8]. 

Figure 11. Change the avatar dimensions and 
position  

Figure 12. Draw the model lines linked 
with specific points on the avatar 

Figure 13. Preparation of piece extraction  Figure 14. Model pieces (bodice pieces) 
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Figure 15. Checking the model dimensions (the length 
of the shoulder line)  

Figure 16. Product simulation 

Figure 17. Material selection Figure 18. Avatar movement 

Figure 19. The model pieces (design 3D and exported in 2D) 

5. RESULTS AND DISCUSSIONS

By analysing the shapes of the model components obtained by using the two 
aforementioned methods, one can notice certain differences in the geometry of the contour 
lines and of their surface. The shape and geometry of the contour lines drawn directly on the 
3D avatar depend on the following factors: the complexity of the model, the anatomical 
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characteristics of the mannequin, the experience of the user in identifying and defining the 
position of the magnetisation/pinning points of the components of the avatar, and in 
choosing the right methods of technical modelling for the surface of some parts (volumes), 
in order to obtain the desired model. 

The modelling in the 2D work mode is done by using decorative-constructive lines, 
while in the 3D work version the same process is carried out automatically by extracting the 
pieces drawn on the avatar. The shape of the latter is then altered according to the one of the 
body. In order to obtain their correct shape, the designer must take the following into 
account: the details of the model, the necessary technical means, the position of the body of 
the avatar and the physical and mechanical properties of the materials. 

In the 2D work mode, after having decided upon a type of material (depending on 
the elasticity level of the material), the shape of the contour line of every component will 
have to be adapted to the shape of the body during the 3D simulation process, depending on 
the elasticity of the material (in the landmark, it remains a straight line). If you draw the 
pattern directly on the avatar (direct 3D construction), its shape is going to imitate the one of 
the corresponding area of the avatar. After having extracted the corresponding 2D pattern, 
the shape of the contour lines will have to be adjusted depending on the type and model of 
the product. 

In the direct 3D design scenario for dimensionally stable products (multilayers), the 
one must take consider the thickness of the layers of the components, the number of 
intermediate layers, the extra material between the layers, and the physical and mechanical 
interactions between them and with the intermediates the avatar. 

6. CONCLUSIONS

The whole process of pattern design is increasingly carried out by software programs 
that enable one to visualise the resulting components in a virtual environment. 

The designer that wishes to employ the direct 3D design method must take into 
account the constructive-aesthetic characteristics of the model, the aesthetic and 
technological impact of the material, the manufacturing technology, and the characteristics 
of the wearer’s body in terms of posture or conformation. Knowing this information enables 
one to obtain a product that meets the requirements specified in the technical documentation 
(by the customer). 

In summary, digital transformation comes with costs, efforts and risks. It is crucial to 
keep up with the global technological evolution and to remain competitive. 

Investing in digitalisation and training employees in using specialised software for 
their tasks should be a top priority for both business owners and managers. At the same 
time, everyone should be provided with resources that enable them to adapt to the digital 
age. 
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Abstract: This study aimed at creating different woven textile fabrics with potential applications related to 
healthcare and hygiene by using textile yarns obtained from diverse fibre blends and by varying the 
structural parameters of the fabrics. Four different weave patterns were used to create the fabrics: warp 
rib, 2/2 twill, 2/2-pointed twill and hopsack. Cotton fibres were mostly used, but fibres made from 
regenerated cellulose with extra antibacterial properties (silver ions) and from ultra-high tenacity 
polyethylene (UHMWPE) were also used in different proportions. The choice and combination of these types 
of yarns, along with the rational design for making the fabrics contribute to supporting the sustainability of the 
textile field, improving the quality of life of people, especially those with special needs (the elderly, people with 
disabilities, or people with various diseases that limit their free movement) and also ensuring a longer usage 
time and manifestation of functionalities. A comparative analysis regarding the influence of structural 
parameters, but also the influence of fibre types on the physico-mechanical performance of the created 
fabrics was made. 

Keywords: functionality, mechanical performance, sustainability, weave pattern 

1. INTRODUCTION

In a constantly changing and developing world, functional textiles have gained 
increasing attention lately due to their potential to bring added value and increased 
performance in many of the essential areas of life (Personal Protection, Medical, Hygiene, 
Sports and Leisure, Military/war, Constructions, Geotextiles, etc.) [1]. 

We need innovative ideas for creating new materials that meet the needs, requirements 
and expectations of consumers, but also bring appropriate costs and take into account an 
important part of our future existence, sustainability. Thus, with the upgrading of technology, 
compared to the basic purposes of textiles (aesthetics, comfort and protection), currently other 
functions can be given to textile materials and products to meet special needs: to last longer, 
to be lighter, stronger, more flexible, be breathable or fireproof or other features that give 
them an advantage. 

From the point of view of product development, the selection of materials is the most 
critical aspect in determining its performance. If we talk about the hygiene and healthcare 
products sector, important performance characteristics must be met by the product made (table 
1) to ensure consumers physical well-being, mental health and increased safety.

In addition, compared to the characteristics of the type of material used, the structural 
attributions of the realized product are equally important. Thus, at the level of textile fabric 
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design, a series of parameters must be considered, which through different combinations of 
their values can be obtained superior performances. 

Table 1. Needed performance characteristics and contributing parameters of 
healthcare/hygiene textile products [2] 

Performance characteristics Contributing parameters 
Comfort Fibre type 

Cleanliness Fibre fineness, compactness 
Antibacterial ability Arrangement and mobility 

Minimum cross infection Fibre contamination 
Durability Fabric weight 

High filter capacity Fabric absorption 
Light support Fabric air permeability 

Mechanical protection Fabric porosity 
Permeable to oxygen Fabric thickness 

Non-toxic or non-allergenic Fabric bulkiness and loftiness 

Many key factors determine the increasing growth in the use of textiles in applications 
related to the healthcare and hygiene sector. These include: raising number of accidents, 
increasing number of surgeries, increasing number of patients with chronic diseases, 
increasing demand to limit nosocomial infections, increasing health spending around the 
globe, raising public awareness of health and hygiene, and innovations in technologies and 
products [3,4]. Also, awareness and promotion of a healthy and physically active lifestyle 
contribute greatly to increasing the consumption of textiles to ensure health and hygiene 
among sportsmen, especially textiles with antimicrobial properties. Thus, according to the 
report published by MaketsandMarkets, the healthcare textile market is projected to reach 
USD 23.3 billion by 2025 from USD 16.8 billion in 2020, at a CAGR of 6.7% [4], and the 
textile market with antimicrobial properties will show a CAGR of 9.8% by 2026, according to 
Global Market Insights [5]. 

The market is based on nonwoven, woven and knitted fabrics, but nonwovens will 
have the largest market share due to their extensive use in many different applications and due 
to their cost-effectiveness. Hygiene products are also expected to dominate the market over 
the next 4 years due to increased consumption of baby diapers and sanitary napkins in 
developing economies [6]. 

Unfortunately, all these developments and the excessive consumption of resources will 
lead to destruction if we do not find solutions that maintain a balance between man-nature-
economy. We are therefore forced to rethink our economy, to use resources efficiently and to 
move to alternative, renewable materials, but also to transform the way we use and consume 
resources and create waste. It is impossible to imagine a world without textiles, but we can 
turn this industry into an extremely functional, interesting and responsible industry [7], if we 
contribute to raising awareness, if we address strict environmental regulations and if we will 
change the way we live. 

This paper presents an investigation of the influence of structural parameters on the 
physico-mechanical performance of many woven fabrics with potential applications related to 
healthcare and hygiene that were obtained from the same warp yarns and different weft yarns 
and with four different weave patterns: warp rib, 2/2 twill, 2/2-pointed twill and hopsack. 

To obtain textile materials that support the sustainability of the field, but that also offer 
functionality by increasing comfort and by conferring a superior resistance to mechanical 
action, it was chosen to use mainly natural cotton fibres blended with man-made fibres from 
regenerated cellulose, but also with high-tech fibres from ultra-high tenacity polyethylene 
(UHMWPE), with a reinforcing role. Moreover, to add additional functionality, silver ions 
with an antibacterial role were used on regenerated cellulose fibres by functionalizing them in 
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the polymeric mass, in this way the functionality at the level of the fibres manifesting itself for 
a longer time. 

2. MATERIALS AND METHODS

2.1 Materials 
In this research, 11 types of woven fabrics were made with four different weaving 

patterns, namely: warp rib, 2/2 twill, 2/2-pointed twill and hopsack (figure 1). All fabrics were 
produced on the same type of equipment from the experimental station of INCDTP. 

Five types of yarns were used in this research, keeping the same warp for all the 
fabrics and different weft yarns: 
- 100% cotton, 25x2 tex; 
- 98% cellulosic blend of cotton and regenerated cellulose fibres with 2% Ag+ ions 
incorporated in the polymeric mass before spinning, 20x2 tex (figure 2); 
- cotton fibres blended with 2%, 5% and 10% of UHMWPE fibres, 30x1 tex. 

For each type of weave pattern 3 fabrics were made, except for the rib structure for 
which only 2 were made, being considered the reference for comparing the properties between 
fabrics. For a better understanding, in table 2 are found the characteristics of the fabrics made. 

Figure 1. The appearance of the 4 types of used weave patterns 

Figure 2. Optical microscope view of the cotton fibres and also the regenerated cellulose with 
Ag+ ions fibre at 400x magnification 

These types of yarns could contribute to create functional fabrics that can ensure skin 
comfort and good absorption properties by using cellulosic fibres, protection against the 
proliferation of microorganisms on the skin and odour control through the action of Ag+ ions, 
safety and protection against skin lesions or to the intense frictional stresses by the insertion 
of UHMWPE fibres especially in the most exposed areas of the body. At the same time, 
cellulosic fibres correspond to the actual eco-friendly criteria. 
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Table 2. Structural characteristics of the woven fabrics 
Fabric 
code 

Weave 
pattern 

Weft 
composition 

Weft yarn 
linear density 

(tex) 

Warp 
composition 

Warp yarn 
linear density 

(tex) 

Yarn tenacity at 
break (N/tex) 

V01 Warp rib 100 % cotton 25x2 90% cotton 
+ 9% 

regenerated 
cellulose + 

1% Ag+ ions 

Alternating 
yarns 25x2 Tex 
(100% cotton) 
and 20x2 Tex 
(80% cotton + 

18% 
regenerated 

cellulose + 2% 
Ag+ ions)  

0.181 
V02 80% cotton+ 

18% regenerated 
cellulose + 2% 

Ag+ ions 

20x2 0.147 

V03 Hopsack 98% cotton + 
2% UHMWPE 

30x1 0.167 

V04 95% cotton + 
5%UHMWPE 

30x1 0.181 

V05 90% cotton + 
10% UHMWPE 

30x1 0.192 

V06 2/2 Twill 98% cotton + 
2% UHMWPE 

30x1 - 

V07 95% cotton + 
5% UHMWPE 

30x1 - 

V08 90% cotton + 
10% UHMWPE 

30x1 - 

V09 2/2-
Pointed 

twill 

98% cotton + 
2% UHMWPE 

30x1 - 

V10 95% cotton + 
5% UHMWPE 

30x1 - 

V11 90% cotton + 
10% UHMWPE 

30x1 - 

2.2 Methods for investigating the physico-mechanical properties of the fabrics 
After making the fabrics with functional properties, they were tested in the raw state, 

unfinished, by various investigation methods, to highlight their physico-mechanical properties 
with the variation of the chosen structural parameters. 

Fabric testing plays a crucial role in evaluating product quality, ensuring compliance 
with applicable regulations and evaluating the performance of textiles. Among the critical 
factors that control the properties of the fabric can be mentioned the properties of the yarns 
(composition, fineness, strength), the thickness of the fabrics and their weave pattern. The 
manipulation of these elements and the way they interact produces fabrics with different 
physical and mechanical properties. 

• Testing the tensile strength and elongation
The strength and elongation at break of all fabrics were tested in both weft and warp 

directions, on James Heal-Titan equipment according to the standard EN ISO 13934-1/2013-
Tensile properties of fabrics-Part 1: Determination of maximum force and elongation at 
maximum force using the strip method. The tested specimens had the size 350 mm x 50 mm 
and their number was 5 in the warp direction & 5 in the weft direction. The applied test speed 
was 100 mm/min and a load cell of 5 kN, and the distance between the clamps was 200 mm. 

• Testing the tearing strength
The tensile strength by tearing was tested on the same James Heal-Titan device on 5 

specimens for both yarn systems according to the standard EN ISO 13937-2/2001 Tear 
properties of fabrics - Part 2: Determination of tear force of trouser-shaped test specimens 
(Single tear method). The tear test speed was 100 mm/min and the distance between the 
clamps was 100 mm. 

• Determining the propensity of fabrics to form pilling on the surface and the
resistance to perforation 
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This test was performed on James Heal-Orbitor equipment. Two square specimens 
with a size of 125 mm were made for warp and weft for each of the 11 fabrics. The specimens 
were subjected to a number of 10800 rotation cycles. 

• Determining the air permeability of the fabrics
Air permeability test was done to each type of weave structure. Air permeability tests 

were conducted using Textest FX 3300 model Air Permeability Tester at a test pressure drop 
of 200 Pa for 20 cm2 test area (EN ISO 9237:1999). 

3. RESULTS AND DISCUSSIONS

3.1 Breaking strength and elongation at break 
Breaking strength and elongation are the most important properties of fabrics that 

govern their performance during use. The average results obtained after testing the specimens 
with the dynamometer can be seen in table 3 and figures 3 and 4. Thus, overall, the breaking 
strength in the warp direction was better than in the weft direction, as expected, due to the 
higher density of the yarns. Except for the results of the resistance in the weft of the variants 
V09, V10 and V11 with pointed twill 2/2 pattern which had higher values, exceeding 1000 N. 
The breaking strength in the warp direction was maintained at almost the same level for all 
variants, because the same type of yarn was used, as well as composition and fineness, the 
highest values also being registered in the case of variants with pointed twill 2/2 pattern. The 
fabrics with the warp rib pattern registered slightly higher resistance in the warp direction than 
in the case of the hopsack or twill 2/2 patterns. 

The yarns resulting from the blend of cotton-regenerated cellulose-Ag+ ions fibres 
gave the fabrics a much better resistance than those with various percentages of UHMWPE in 
the weft, although this material is known for its superior strength. However, an influence on 
this fact most likely had the lower fineness of the used yarns and the warp rib pattern.  
In the weft direction, the variants with the highest breaking strength and the only ones that 
exceeded the breaking strength from the warp were obtained for pointed twill 2/2 pattern, for 
which the way of binding the yarns in the structure had a significant influence.  

If we consider the tenacity of the yarns as can be seen from table 2, the higher tenacity 
was obtained for the yarns with 10% UHMWPE, the rest with 2% and 5 % being comparable 
with the tenacity of 100% cotton yarns. The lowest tenacity was obtained for the yarns with 
cotton-regenerated cellulose-Ag+ ions and yet it appears that the hopsack and D2/2 patterns 
had a much lower influence on the strength, regardless of the type of yarn used both in the 
weft and in the warp. In the case of fabrics with 2%, 5% and 10% UHMWPE, the breaking 
strength increased in correlation with the increase in the percentage of UHMWPE. 

The elongation in the warp direction was higher than in the weft, and the highest 
elongation in the warp was obtained for the variants with pointed twill 2/2 pattern in 
agreement with the high resistance. The smallest elongation in the warp direction was 
obtained for the warp rib pattern. Fabrics with yarns with different percentages of UHMWPE 
indicated less elongation in the weft direction compared to cotton yarns fabrics and to cotton-
regenerated cellulose yarns fabrics. 

3.2. Tearing strength 
The results of tear strength can be seen in table 3 and figure 5. For warp yarns with a 

blend of cotton and regenerated cellulose fibres, the average tear strengths resulted were 
generally lower than for weft yarns with percentages of UHMWPE, which demonstrates the 
ability to resist to mechanical stress of UHMWPE fibres. In general, the average tear strength 
for warp yarns was between 40N and 50N. Only variants V01, V02, V05, V06, and V07 with 
rib, hopsack and twill 2/2 patterns had a warp tearing strength higher or almost equal to the 
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weft strength, but some of them also showed higher standard deviations. The lowest average 
tear strength, below 40 N, was recorded for the V02 variant in both warp and weft, but for the 
warp resistance, it can be also noticed the fairly high standard deviation. 

For the weft with cotton yarns and various percentages of UHMWPE, the tear 
resistance had an ascending trend in relation to the increase in the percentage of UHMWPE, 
only the V11 variant does not follow this trend, with a high standard deviation of ± 19.6 N. 

Table 3. Average results of the performed analysis and confidence intervals for dispersion 
Fabric 
code 

Breaking strength (N) Elongation at break (%) Tearing strength (N) 
Warp Weft Warp Weft Warp Weft 

V01 923.53±33.06 675.78±27.35 10.05±0.6 15.75±0.37 51.12±8.24 50.70±3.47 
V02 959.60±49.83 659.87±30.66 11.48±0.59 14.72±0.36 36.34±11.39 30.65±0.88 
V03 856.31±9.67 489.20±10.81 12.69±0.36 7.90±0.13 45.72±18.42 52.97±6.21 
V04 841.50±32.07 518.01±13.37 13.22±0.20 8.23±0.11 48.59±16.79 60.17±4.54 
V05 868.70±20.10 535.07±7.76 12.95±0.26 8.56±0.18 65.78±2.75 61.46±3.31 
V06 871.32±43.37 401.08±31.14 16.65±0.93 10.54±0.56 46.40±1.85 35.83±0.71 
V07 881.21±7.84 531.48±16.63 14.69±0.25 9.95±0.28 42.79±1.78 42.94±1.50 
V08 894.53±43.36 591.85±13.26 13.78±0.55 10.54±0.17 44.46±2.21 54.93±0.68 
V09 976.52±26.47 1062.49±20.86 16.81±0.30 11.48±0.24 43.85±1.06 53.19±1.05 
V10 972.38±26.37 1170.07±37.30 17.11±0.29 11.28±1.11 43.78±2.07 67.35±2.59 
V11 966.64±19.73 1296.99±17.93 16.41±0.42 12.56±0.20 41.81±2.05 55.22±17.18 

3.3 The propensity of pilling formation on the fabric surface and perforation 
resistance 

The pilling effect on the surface of fabrics consists in the appearance of small pills of 
tangled fibres that can form during wearing or washing, giving an unsightly appearance to the 
material. Following the analysis, all the fabrics were evaluated with maximum score regarding 
the propensity of pilling formation and the perforation resistance, 4-5, thus noting a very good 
quality of the fabrics, with a very poorly produced or even non-existent pilling effect or 
snagged yarns. This is due to the reduced migratory tendency of the fibres in the constituent 
yarn used to make the fabrics. 

3.4 Air permeability of the fabrics 
Air permeability of the fabrics is a special property that must be fulfilled by them 

when it is intended to be used in the health sector, especially for clothing or different items 
that comes into contact with the skin. Air permeability is influenced by several factors such as 
the type of fabric structure, the design fabric density, the amount of twist in yarns, the size of 
the yarns, the type of yarn structure, the size of the interstices in the fabric, etc. [8]. The 
average results for air permeability of the fabrics are presented in table 4. The best air 
permeability was recorded for the hopsack weave pattern and also for the 2/2 twill pattern, 
therefore ensuring very good thermal ventilation. 

Table 4. Air permeability of the four types of weave patterns 
Weave pattern Warp rib Hopsack 2/2 Twill 2/2-Pointed 

Twill 
Air 

permeability 
(l/m2/s) 

165.2 412.8 343.8 119 
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Figure 3. The results of the breaking strength for weft and warp of the 11 fabrics 

Figure 4. Elongation at break of the woven fabrics in warp and weft direction 

Figure 5. Tearing strength of the woven fabrics in warp and weft direction 
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4. CONCLUSIONS

The investigations made it possible to demonstrate the following aspects: 
• The weave pattern influences the mechanical properties of fabrics. The fabrics

with pointed twill 2/2 and warp rib weave patterns showed the best breaking resistance both in 
the warp direction and in the weft direction, thus demonstrating the effectiveness of these two 
ways of binding the yarns in relation to the breaking strength. 

• The weaving of fabrics with warp rib pattern and yarns resulting from the blend of
cotton – regenerated cellulose and Ag+ ions fibres showed a higher breaking strength than 
weft of fabrics with hopsack and twill 2/2 fabrics with yarns from the blend of cotton and 
UHMWPE fibres, this result demonstrating that although the yarns have lower tenacities, the 
way they are bonded in the structure influence the mechanical properties positively. 

• The breaking strengths in the weft of the fabrics with yarns made of cotton and
different amounts of UHMWPE fibres increased with the increase in the percentage of 
UHMWPE, and depending on the weave pattern, the resistances were situated in ascending 
order as follows: hopsack<2/2 twill <2/2-pointed twill. 

• It was noticed by the tearing analysis the superior resistance of the fabrics from
yarns with different percentages of UHMWPE from the 3 variants of weave. Thus, fabrics 
with reinforcing elements such as UHMWPE fibres are ideal for making clothing or different 
textile items that provide support and protection to mechanical actions. Significantly stronger 
products can be made without compromising comfort. 

• A very good pilling and perforation resistance was obtained for all the fabrics;
as for air permeability, the best ability to create optimal conditions for the skin was shown 
by the fabrics with hopsack and 2/2 twill patterns. 

• The use of natural and renewable resources such as cellulose extracted from wood
for obtaining fibres and the development of textile materials ensures high performance, 
compared to those of synthetic fibres. Also, increasing their use will considerably alleviate the 
harmful effects of the textile industry on pollution and will support the sustainability of the 
field. 

• The use of advanced techniques such as design thinking allows the realization
of a rational design at the level of use of fibres and functionalities, but also at the level of 
product, which allows modulation. 
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Abstract: The health of children born prematurely remains a significant challenge, but clothing products 
designed considering medical requirements and handling methods used in the intensive care unit, may 
contribute to the reduction of neonatal mortality. Assistants in the therapy unit implement practices based on 
the needs of vulnerable infants, from the very first second of life. 
This pilot clinical study was conducted in a specialised on neonatal intensive care unit, at the IMSP Municipal 
Clinical Hospital Gheorghe Paladi from Chisinau. Informed consent of parents and/or careers was required. 
All users (nurses and doctors) were informed about the product and instructed regarding dressing and 
undressing process. This controlled study was conducted under the supervision of doctors and nurses. As the 
study was exploratory in nature, aspects of grounded theory have been used for qualitative data collection. 
The sample studied consists of preterm infants less than 30 weeks GA, admitted by UTIN in 2018. The 
population eligible for qualitative data collection was made up of neonatology nurses from the clinic. To 
obtain a heterogeneous sample, aspects such as age, work experience, environment, and education were 
considered. The method of observation and subsequent testing used of the newly designed products and every 
manipulation under medical conditions was intensely studied. Local reactions, if any, due to the texture and 
quality of the textile material that come into contact with the baby's skin, were also carefully monitored. The 
process of dressing and stripping off the products, carrying out medical manipulations (in case of neonatal 
emergencies), were also carefully observed for developing ease of use clothes. 

Keywords: manipulation, observation, nurses, premature babies, clothes 

1. INTRODUCTION

There are few studies that identify the scope of healthcare procedures at a NICU 
(Neonatal Intensive Care Unit) [1-5]. The healthcare procedures were described as follows: 
heart rate, temperature, blood pressure, and weight assessment; laboratory tests; care 
equipment and response to vital signs; change of position; feeding; changing diapers or 
bathing, changing linen; reaching; holding or behaving without care [4-6]. Unfortunately, 
these reports did not quantify the number of healthcare procedures, a premature newborn 
received, at a NICU. 
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2. THE STUDY OF DEVELOPMENT CLOTHES

The development of comfortable and aesthetic products with functional and 
constructive elements that facilitate the performance of medical procedures (in the case of 
premature babies) can increase the efficiency of rehabilitation and improve the quality of 
life of these children. 

The elaborated clothing models ensure an easier dressing and undressing process of 
the products, without any discomfort during the medical manipulations. Medical staff and 
parents confirm that these clothing products by being this ergonomic, could facilitate the 
medical procedures and save time without loosing their effectiveness of helthcare. It 
contributes to the proper work process of the nurse in the stages of rehabilitation during 
intensive care units [7,8]. 

The most important role in the development and provision of high-quality medical 
care is assigned to the neonatologist and nurses at all stages in the department of 
neonatology of premature babies. 

The decisive and critical period in the life of a premature baby is at his first stage in 
the neonatal intensive care unit, where the speed of decision making and the professional 
training of the medical staff is directly proportional with the chances of life. The purpose of 
the first stage of healthcare is to exclude the chance of situations that can endanger the 
child's life. In achieving these goals, the importance of medical care also lies in creating a 
supportive environment, not only for the premature babies, but also for taking the right 
approach by the family. 

The provision of effective medical care staff is somehow restricted by the 
insufficiency of types of clothing products adapted to medical equipment and facilities, 
significantly affecting the possibility of using such high medical technologies. 

Existing products regrettably does not meet current requirements and does not have 
the flexibility of using modern technologies. The properties of new materials and their 
special finishes not only solves these problems and improve the quality of medical 
procedures, but also help to improve the ergonomic properties of clothing for premature 
babies. 

The creation of adapted, comfortable, and aesthetic clothing products, with 
functional and constructive elements, facilitate medical procedures (considering the 
specifics of handling), will not only contribute to the rehabilitation of premature babies, but 
will also increase the level of social protection and patients'life quality. 

3. METHODOLOGY

The study was performed based on the Chisinau’s №1 Municipal Maternity Hospital, 
the Intensive Care Unit. The eligible population from the quantitative data collection were 
premature infants and nurses. The premature babies were under 30 weeks of gestation age, 
selected and admitted to the NICU in 2018. The nurses were selected by heterogeneous 
sampling, and aspects such as age, work experience, education and work environment were 
considered. Students and temporary staff were excluded due to the need for a solid work 
experience in therapy. Attendees were asked to participate and received an email with 
additional information about the study. 

On the base of the observations and recommendations made during the study, 
clothing products were designed according to the need to provide medical help in a short 
and effective time for premature babies. For the development of functional clothing for 
premature babies, we considered the following aspects: functional elements, medical 
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manipulations, the destination of the product, the location of medical devices, etc., these are 
described in figure 1. 

Figure 1. Information scheme for the development of clothing 
for premature children in the intensive care unit 

Due to medical equipment, premature babies are now much more likely to survive 
than before. In the worst case, with a minimum of equipment, the premature baby can be 
heated and monitored with equipment that may include: 
 closed or open incubator;
 thermometer for permanent monitoring of body temperature;
 cardio-respiratory monitoring system device for monitoring heart and respiratory rate;
 pulse oximeter, to monitor the level of oxygen in blood.

4. THE IMPACT OF MEDICAL MANIPULATIONS ON THE DESIGN OF
STRUCTURALLY FUNCTIONAL ELEMENTS OF CLOTHING

To increase the degree of functionality of products intended for premature infants, 
and to perform various medical manipulations, were developed adapted clothing designed in 
accordance with the needs and anthropo-morphological requirements of this group of 
carriers. 

Therefore, it was decided to design the products taking into account the wrapping 
method, which gives us the possibility to cover the child's body, minimizing the number of 
stitches and optimizing the dressing and undressing process through holes specially adapted 
for medical equipment. 

Experimental research conducted to the design of several types of products that can 
be used for children, in the incubator. The models are original and designed in accordance 
with the requirements imposed on clothing for premature babies. A „prema body” product 
has been defined and designed, which forms holes by folding, for the head, upper limbs and 
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lower limbs; it is a bag type product, which allows the attaching of the needed elements. 
The dimensions of the products have been designed accordingly. 

The clothing products are made of natural materials, which will allow the child's skin 
to breathe and will ensure the protection of the child from various chemicals and pathogens. 
The elements of the products were processed by edging, and the endings of the products 
were processed with coating seams. The products meet all the requirements and standards 
regarding the manufacture of products for premature babies, with reduced body weight [9]. 

The design of clothing for premature babies should ensure an easy dressing and 
undressing, the handling without causing pain or discomfort and, most important, to ensure 
free access to the equipment and appliances, as shown in figure 2. 

Figure 2. Equipment and devices to which premature babies are subjected [8] 

Following the establishment of the equipment and devices that are applied to 
premature babies in intensive care section, the following areas of the premature body free 
access is required during medical manipulations (figure 3): 

1. the area of the hands (for intravenous therapy) - the placement of catheters in the
veins of babies to provide fluids, nutrients and drugs or blood;

2. subaxillary and chest area to have access for monitoring vital parameters:
temperature, cardiac, apnea, etc., as well as for neonatal control;

3. the leg area to have access to intravenous therapy as well as to the monitoring of
oxygen saturation by applying the pulse oximeter;

4. the back area to have access to the neonatologist's control;
5. buttock access area (intramuscular injections).
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Figure 3. Topography of procedures and medical manipulations 
in the case of premature babies 

It can be concluded that the knowledge of the types of manipulations and procedures, 
to which premature babies are subjected, determines the complexity and functionality of the 
elaborated clothing products. Therefore, the functionality of the products (Figure 4) can be 
obtained using: 

• structural elements for folding the front and rear elements;
• closing systems placed on the ends of the products, by simply attaching press

butons ;
• minimal types of seams that does not scratch the baby's skin.
Thus, the proposed products allow free access to the: 
• shoulder, chest and back for equipment and neonatologist control but also for

monitoring vital parameters;
• sleeve line by closing with the help of press butons;
• foot, for the needed equipment.
Detachable side seams, front and back folds can be used for free intramuscular 

injections. The use of the winding at the top of the side seams of the pants will release the 
needed area for the intramuscular injection without completely undressing the child, thus, 
the heat losses will be smaller. The use of functional structural elements in the side, 
shoulder and lower seams of clothing products will provide premature children with comfort 
and safety, giving them the necessary care and handling without creating discomfort. 

The developed functional-structural elements of the clothing offer free access to the 
procedure area based on the following morphological elements: 

 adjustment method - changing the geometric parameters of the product, the type
of „adjustment-fixing”;

 wrapping the flat back and front elements offering the possibility of easy
dressing-undressing without traumatizing the child, and providing help in a short
time in case of neonatal emergencies;

 products adapted to the anthropomorphological parameters of the carriers.
The opening of certain parts of the product is convenient in operation because, at the 

time of the procedure, part of the body is released, and the rest of the time is covered and 
protected from external influences. The proposed functional and constructive elements are 
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easy to use, during the intensive neonatal therapy, being a support for both children and 
medical staff. 

Access for medical 
devices 

Functional clothes for 
premature babies 

Access for medical devices 

Figura 4. Functional model - overalls with long sleeves 

The „adjustment-fixing” method of the product is used for premature babies; it 
depends on the degree of prematurity and assures the right adjustment of the sleeve, product 
and pants length. This type of transformation is used to control the width of the pants on the 
waistline, with the help of folding, in the case of clothing with waist support. Buttons or 
staples are recommended as fasteners for this type of clothing, allowing an easy and fast 
opening. 

An important requirement in the design of structural-functional elements of clothing 
for premature babies is their reliable fixation, as some medical procedures are performed 
over a long period of time. The reliable fixation of the clothing products will ensure the 
maintenance of the sterility of the area of application of medical procedures, as well as 
comfortable condition for the child. It should be noted that most respondents, both hospital 
staff and parents, considers the functional textile products convenient during medical 
procedures by reducing the needed time. 

5. DISCUSSIONS

A case study was conducted in intensive care units, where were examined the 
nurse’s types of medical manipulations, in order to meet the pre-established requirements of 
basis of products development. During the study were used the method of observation and 
subsequent testing of newly designed products. Each manipulation in medical conditions 
has been intensively studied. 

The developed products were made of a cotton fabric. In terms of testing and use, the 
nurses indicated that the products provide an easy access. They have a locking system that 
favours the opening to certain parts of the body; it will take more than 3 seconds to put on 
and take off the product. There are also holes on purpose, which allow connecting devices 
and recording the vital signs of the baby. The ease of cleaning the products has been tested, 
and corresponding instructions have been provided. 

 Some limitations of this pilot clinical study refer to the fact that the products were 
not tested in the case of infants whose temperature was adjusted without an incubator. The 
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products developed favour the proper provision of medical care and handling for this group 
of carriers. 

6. CONCLUSIONS

The pilot study was focused on the dressing and undressing process, performing 
medical manipulations even in case of neonatal emergencies. The textile products were 
tested, the results were analyzed according to the data obtained during the study, it confirms 
the easiness in use. 

The health of premature babies remains a significant challenge in NICU, and 
functional clothing, designed according to the requirements and methods of handling these 
little ones could be one of the potential methods to reduce neonatal mortality. 

The products correspond to the morphometry of the premature baby and are made of 
natural materials. The main advantage of the developed products consists in the wrapping 
system to obtain the shape of the product. This system allows obtaining the products based 
on flat elements and the exclusion of the seams, which can be traumatic for the premature 
baby. The products cover, by folding, the parts of the flat elements, forming soft holes for 
the head and limbs, and offering the possibility of moving the limbs without twisting or 
pressing the attached medical devices. The selected closing system consists of buttons 
which are placed on the edges of the flat elements, without any contact with the child's 
body, and is ergonomic at the same time. 

For the upbringing and development of premature babies in the intensive care unit, 
the presence of functionally adapted clothing plays an important role; they meet several 
important requirements during medical manipulations and procedures to which they are 
subjected. These products offer functionality, ergonomics, easy access to medical devices, 
comfort and safety for healthy growth and speedy recovery of the premature babies. 
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Abstract: Nano and micro plastics (NP/MPs) represent one of the most challenging classes of micro-
pollutants, with occurrence across all ecosystems and size distributions ranging from the nanometre to the 
millimetre scale. Natural environments are receiving MPs in the form of anthropogenic direct release as well 
as disintegrated and loose products of larger plastics via biological activities, mechanical abrasion, and UV 
radiation. During the processing steps, the textile yarns are subjected to friction either by different driving 
organs or between themselves at the binding points. The magnitude of the friction forces is influenced by the 
nature of the yarns, the structure of the yarn, the type, and the raw material from which the driving organs of 
the machines are made. The paper presents the shape and dimensions of the particle that is released in the air 
during the abrasion resistance test of three types of polyester yarns: spun yarn, multifilament yarn, and 
monofilament yarn. The structure composition of the particles consists of more microfibrils (34%.) in the case 
of spun yarn and the finest microparticles were obtain from monofilament yarn (0,004µm). 

Keywords: health, particles, fibres, stiffness, abrasion 

1. INTRODUCTION

Plastics are highly versatile materials that have brought huge societal benefits. They 
can be manufactured at low cost and their lightweight and adaptable nature has a myriad of 
applications in all aspects of everyday life, including food packaging, consumer products, 
medical devices, and construction. By 2050, however, it is anticipated that an extra 33 
billion tonnes of plastic will be added to the planet. Given that most currently used plastic 
polymers are highly resistant to degradation, this influx of persistent, complex materials is a 
risk to human and environmental health. Continuous daily interaction with plastic items 
allows oral, dermal, and inhalation exposure to chemical components, leading to the 
widespread presence in the human body of chemicals associated with plastics [1-3]. 

Nano and micro plastics (NP/MPs) represent one of the most challenging classes of 
micro-pollutants, with occurrence across all ecosystems and size distributions ranging from 
the nanometre to the millimetre scale. These broad composition and size distribution ranges 
limit the efficiency of detection methods, often inherently focused on a single and narrow 
class of NP/MPs sizes. In addition to their demonstrated native toxicity, NP/MPs may act as 
efficient carriers of pollutants and pathogens onto their surface, facilitating the transfer and 
penetration of other classes of hazardous materials [4-6]. 

The mismanagement and dumping of domestic and commercial plastic wastes are 
the major cause of pollution in a natural setting. Natural environments are receiving MPs in 
the form of anthropogenic direct release as well as disintegrated and loose products of larger 
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plastics via biological activities, mechanical abrasion, and UV radiation. NPs, imposed more 
potential risk in comparison to MPs as they can easily able to enter cells/ tissues. 
Complexity in separation and identification of NPs, their abundance in the environmental 
setting has been generally overlooked to date. Hence, the physical presence and health 
menace of NPs may be underrated [7-8].  

2. MATERIALS AND METHODS

Textile fabric may be defined as the flexible assembly of fibres or yarns, either 
natural or manmade. It may be produced by several techniques, the most common of which 
are weaving, knitting, bonding, felting, or tufting. Conventional fabrics (woven, knitted) are 
produced in such a way that the fibres are first converted into yarn and subsequently this 
yarn is converted into fabric [9]. During the processing steps, the yarns are subjected to 
friction either by different driving organs or between themselves at the binding points. The 
magnitude of the friction forces is influenced by the nature of the yarns, the structure of the 
yarn, the type, and the raw material from which the driving organs of the machines are 
made. 

Due to the friction forces, bending, stretching of the yarns, that take place during 
these processes, degradations of fibres/yarns occur and micro plastics/microfibres are 
released into the air/water. A series of laboratory devices simulate these actions to determine 
the strength of yarns or semi-finished products to the action of frictional forces. 

Fibre fragments are one of the dominant types of micro plastics in environmental 
samples, suggesting that synthetic textiles are a potential source of microplastics for the 
environment. Textile abrasion can induce fibre fibrillation and therefore lead to the 
formation of much finer fibre fragments. To determine the abrasion resistance of the yarns, a 
testing device was built (figure 1), whose constructive principle consists in simulating the 
friction phenomena, which the textile yarns are subjected to, during the steps of textile 
mechanical processing (spinning, warping, weaving knitting) and electronic monitoring of 
their behaviour. 

Figure 1. Weaving machine and yarn rubbing device: 1 - tensioning mechanism; 
2 - friction mechanism; 3 - the drive mechanism; 4 - the weaving simulation 

mechanism 

The device consists of the following components: 1 - tensioning mechanism, 2 -  
friction mechanism, 3 - the drive mechanism, 4 - the weaving simulation mechanism. The 
device simultaneously performs the friction of 10 yarns in the cockles, their movement, with 
a stroke length of 0-40 mm is generated by a motor whose speed can be varied. The 
preliminary pretension load of the yarns can be modified in increments of 10 g, within the 
limits: 50-140 mg. 

The method for determining the abrasion resistance of textile yarns is in accordance 
with the international standards ISO 9290 and ASTM-D 1422. To collect the particles 
released during the rubbing of the cochlear yarns, the device was covered with a box with 

1 
2 

3
 4
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antistatic walls. The collection of particles was done by the static method (deposition) in 
Petri dishes, sterile in the flow, with ventilation, with a diameter of 90 mm. 

2. RESULTS AND DISCUSSION

For the laboratory experiments, 3 variants of 100% PES yarns with the different 
structures were used: Nm 20/2 spun yarn (FPES), 195/32f dtex multifilament yarn (MPES), 
and 0.19 mm monofilament yarn (MOPES) of whose characteristics are presented in table 1 
and in figures 3, 4, 5 and 6 are their diagrams by comparison.  

Table 1. Type sizes for camera-ready papers 

No. Yarn feature / variant UM 

Spun yarn 
100% PES-FPES 

Multifilament yarn 
100%PES - MPES 

Monofilament yarn 
100%PES-MOPES 

1 

Length density Tex/Nm 50.6 x2/19.8/2 - - 
Den/dtex - 175.5/32f/195.0/32f 342/380 

Coefficient of variation % 4.9 1.34 - 
Standard deviation - 4.96 0.26 - 

Diameter mm 0.22 0.14 0.190 

2 
Breaking strength N 35.51 6.25 16.7 

Coefficient of variation % 4.2 8.61 2.9 
Standard deviation - 1.5 0.53 0.45 

3 
Elongation at break % 16.23 32.08 28.35 

Coefficient of variation % 2.84 8.83 7.9 
Standard deviation 0.46 2.83 2.2 

4 
Torsion/twist t/m 469.0/321.2 39.6 - 

Coefficient of variation % 3.57/3.67 11.61 - 
Standard deviation - 8.38/2.93 2.3 - 

5 
Deformation resistance KPa 147.7 119.0 114.1 
Coefficient of variation % 6.89 1.62 3.67 

Standard deviation - 10.13 1.93 4.19 

6 
Deformation mm 14.4 14.2 9.5 

Coefficient of variation % 22.8 4.93 11.75 
Standard deviation - 3.29 0.70 1.12 

7 Young’s modulus MPa 7142.8 1660.6 5357.0 

Figure 3. Breaking resistance Figure 4. Elongation 
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Figure 5. Deformation 
resistance 

Figure 6. Young’s modulus 

The deformation resistance of the yarns was determined on the Tru Burst3 Bursting 
Strength Tester having upper-pressure limit – 100 kPa and distension range between: 0.1-70 
mm and the method applied according to SR EN ISO13937-4 / 2003 (adapted). The highest 
breaking strength (N) is obtained for the FPES variant (35.51N) which records the highest 
values of deformation resistance of 147.7 KPa, deformation (14.4 mm), and modulus of 
elasticity (7142.8 MPa), but with the lowest value of elongation at break (16.23%). 

The same correlation between the breaking strength and young’s modulus is also 
maintained in the case of the MOPES variant (16.7 N and respectively 5357.0 KPa) and 
MPES (6.25N and respectively 1660.6 KPa. The highest resistance to deformation is 
obtained for the FPES variant (147.7 KPa), followed by MPES (119.0 KPa) and MOPES 
(114.1 KPa). The deformation variation (mm) follows the same order: FPES (14.4 mm), 
MPES (14.2 mm) and MOPES (9.5 mm). The laboratory experiments of collecting the 
particles released in the air during the frictional stress of the three yarn variants were 
performed using the working parameters presented in table 2. 

Table 2. Experiments’ parameters 
No. Working parameters FPES yarn MPES yarn MOPES yarn 
1 Time (hours) 16.10 15.00 15.00 
2 No. of cycles/min 600 
3 No. of cycles/total 582000 540000 528000 
4 Pretention (mg) 40 

Morphological characterization of the collected particles was achieved by scanning 
electron microscopy (SEM), using an FEI Quanta 200 instrument, equipped with an Everhart-
Thornley (ET) detector and using an acceleration voltage of 15 kV, in low vacuum mode. 
Microparticles were taken on the device tablet directly from the collecting Petri dishes 
(figures 7, 8 and 9).  

a b c 
Figure 7. SEM images FPES sample: a – microfibrils; b – agglomerations; c - particles 
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a b c 
Figure 8. SEM images MPES sample: a) microfibrils b) agglomerations c) particles 

a b 
Figure 9. SEM images MOPES sample: a) agglomerations b) particles 

In figures 7, 8 and 9 SEM images of airborne particles resulting from the application 
of the FPES, MPES si MOPES yarns friction test are presented. 

The shape and size of particles, agglomerations, and fibrils in µm were determined. 
The characterization of the 3 statistical populations considered to define the type and size of 
the collected particles were performed, using specialized software, which allowed the 
analysis of the obtained data (using the ANALYZE menu) and their visualization (GRAPHS 
menu). 

Variables that entered the analysis: particle area (round, rectangular) in µm2, the 
surface of particle agglomerations in µm2, and fibril sizes (length) in µm. 

The scores obtained from the experiments (for each statistical population studied) 
allowed the calculation of the main parameters of the distributions for each variable. The 
obtained values and the afferent histograms are presented in table 3 and figure 10.  

FPES variant (Figure 10) 
The variables “rectangle FPES1” and “circle FPES1” do not show great variability 

of the results, the “boxes” having small dimensions. However, for “FPES1 circle”, the value 
no. 12 (0.116 µm2) is an extreme case, being located at a distance of more than 3 box 
lengths. 

The variable “FPES1 agglomerations” highlights the distribution of 50% of the 
values, the lower edge representing the 25% percentile value, and the upper one the 75% 
percentile value. Thus, it is found that 25% of the values are below 5.55 µm2, 25% are 
between 5.55 - 12.37 µm2, 25% between 12.37 - 127.1 µm2 and 25% over 127.1 µm2. The 
value identified by 1 in the database (real value 324.48 µm2) is considered extreme in the 
range of 1.5 - 3 lengths. Also, the median is directed towards the lower edge of the "box", so 
it can be stated that the distribution is directed to the left and the small values are 
predominant (figure 11). 
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Table 3. Statistical indicators 

Shapes Mean Median Std. 
Deviation Variance Skewness Kurtosis Min. Max.

Percentiles 
25 50 75 

Rectangular 
shape FPES1 0.79 0.37 1.42 2.04 4.64 25.38 0.04 9.23 0.18 0.37 0.74 

Circle FPES1 0.02 0.01 0.02 0 3.14 11 0 0.11 0.01 0.01 0.02 
Agglomeration 
FPES1 69.51 12.37 96.6 9332.61 1.87 3.21 3.27 338.64 5.55 12.37 127.1 

Microfibrils 
FPES1 361.2 279.1 223.21 49826.31 0.98 0.03 109 973.17 196 279.1 520.9 

Rectangular 
shape 
MFILPES2 

1.25 0.55 1.8 3.25 2.6 6.73 0.03 8.38 0.21 0.55 1.44 

Circle 
MFILPES2 0.08 0.06 0.06 0 1.88 4.27 0.01 0.33 0.03 0.06 0.11 

Agglomeration 
MFILFPES2 71.92 10.24 120.79 14592.41 1.73 1.53 2.11 325.96 5.67 10.24 119.3 

Microfibrils 
MFILPES2 160.9 150.28 96.92 9394.06 0.68 -0.21 35.2 352 65.8 150.3 229.5 

Rectangular 
shape 
MOPES3 

0.68 0.43 0.72 0.52 1.59 2.5 0.01 3.23 0.13 0.43 0.92 

Circle 
MOPES3 0.04 0.03 0.048 0 2.71 10.27 0 0.26 0.01 0.03 0.06 

Agglomeration 
MOPES3 387.8 230.58 567.38 321924 1.63 1.33 2.8 1614 6.86 230.6 317.2 

Microfibrils 
MOPES3 68.64 87.13 59.01 3482.22 -1.27 - 2.6 116.2 2.6 87.13 - 

a b c d 
Figure 10. Histograms for particle surface variables: a – round; b – rectangular; 
c - surface of particle agglomerations; d - fibril dimensions (length) - FILPES1 

The variable microfibrils FPES1 does not present extreme cases, the median being 
directed as in the previous case, towards the lower edge of the “box”, so the small values 
being predominant. Additionally, 50% of the values are in the range [196; 520.9] µm2. 

MPES variant 
As in the previous case, the first 2 variables (related to the shape of the identified 

particles) do not show large variations of the values, but in the case of the variable 
“rectangle MFILPES2”, value no. 6 from the database (real value 8,385 µm2) is considered 
extreme value is located in the range of 1.5 - 3 box lengths. 
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a b c d 
Figure 11. Histograms for particle surface variables: a – round; b – rectangular;  
c - surface of particle agglomerations; d - fibril dimensions (length) - MFILPES2 

The variable “agglomerations MFILPES2” presents the median placed towards the 
lower edge of the box, so the distribution is directed to the left and the small values are 
predominant. The outer limits of the graph highlight the small values within 1.5 lengths. The 
values 5 and 6 in the base, respectively 267.05 µm2 and 325.96 µm2 are considered extreme. 
In this case, there is a large spread of values, 25% of the values being located below 5.67 
µm2, 50% are located in the range [5.67; 119.32] µm2 and 25% over 119.32 µm2. 

The variable “microfibrils MFILPES2” does not present extreme cases, however, 
there is a very high variability of the data, 50% of the values being located in the range 
[65.78; 229.50] µm2. 

MOPES variant  
There is no large data scattering for the variables “rectangle MOPES3”, “circle 

MOPES3”, and “microfiber MOPES3”. In the case of this last variable, the median is placed 
towards the upper edge of the box, so the distribution is inclined to the right, and therefore 
the large values predominate. 

The variable “MOPES3 agglomerations” shows the median placed towards the lower 
edge of the box (figure 13) so the distribution is directed to the left and the small values are 
predominant. However, there is a very high variability of the data, with 50% of the values 
being in the range [6.86; 317.23] µm2. 

a b c d 
Figure 12. Histograms for particle surface variables: a – round; b – rectangular; 
c - surface of particle agglomerations; d - fibril dimensions (length) - MOPES3 

 For all variables, the coefficient of variability is higher than 30%, so the arithmetic 
mean is not representative for any sample, the groups being inhomogeneous. 

 The skewness index for 8 of the 12 variables does not exceed ±1.96, highlighting, in 
this case, the extent to which the average moves away from the median and implicitly the 
curve of normal data distribution moves away from the middle, moving to the left (at FPES1 
agglomerations, FPES1 microfibers, MFILPES2 circle, MFILPES2 agglomerations, 
MFILPES2 microfibers, MOPES3 rectangle, MOPES3 agglomerations) and to the right for 
MOPES3 microfibers, respectively. For the other 4 variables, it is found to be out of normal. 
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 The vaulting index (kurtosis) has positive values, so the distribution is leptocortical - 
within the limits of a normal distribution for FPES1 microfibers, MFILPES2 
agglomerations, and MOPES3 agglomerations, and MFILPES2 microfiber platicurtica. For 
the other 8 variables, it is found that the distributions are out of normal. 

a b c 
Figure 13. Boxplot graphs for particle surface variables: 

a - round; b - rectangular; c - the surface of the particle agglomerations; 
d - the dimensions of the fibrils (length) 

5. CONCLUSIONS

 Polyester particles were collected in laboratory experiments that simulated the 
rubbing of threads in the cochleae of weaving machines. The morphological analysis of the 
particles showed that: 

- for variant FPES - 37% of the identified particles have a parallelepiped shape, 12% 
have a spherical shape, 17% are agglomerations of particles and 34% are microfibrils; 

- for MPES variant - 43% of the identified particles have a parallelepiped shape, 34% 
have a spherical shape, 9% are agglomerations of particles and 14% are microfibrils; 

- for MOPES variant - 48% of the identified particles have a parallelepiped shape, 
35% have a spherical shape, 14% are agglomerations of particles and 3% are microfibrils. 
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Abstract: This paper study methods to obtain composite materials based on recycled rubber from End-of-Life 
tires and scrap textile. Rubber particles was obtained by industrial shredding procedures and separated by 
dimension, using sieves. Recycled cotton weave was obtained from scrap cotton textiles. The composite 
material was produced mixing the recycled rubber powder with a solution of acrylate rubber (AR), (NipolR 
AR 51) in acetone/ethyl acetate, then coating that composition on a 100% recycled cotton weave. After 
application, the composite was dried in a dryer with ventilation. The final composite material will be chemical 
characterized. Attempts will be made to determine whether the composite can be used as isolation material 
with temperature dissipation characteristics. 
Keywords: recycled rubber and textiles, composite materials, circular economy 

1. INTRODUCTION

The necessity of transportation generates a steady growth the demand in car tires. 
The quantity of the End-of-Life tires increase despite all the recycle policies 
implemented over the earth. Global recycling policies adopted in Europe and United 
States, limit a portion of the waste generation. A big portion of the recycled End-of-life 
tires is used for energy generation in kilns, as raw material in the chemical industry 
(carbon black) and in construction applications as the asphalt mixtures [1]. Despite all 
these uses, there is no annual reduction in waste rubber generation. Some 
unconventional approach was done in few countries to try to use rubber ash or waste 
rubber powder as fertilizers to enhance soil deficiencies in Zn and Fe [2]. 

   Another big portion of the global waste it is the textile waste generated by 
textile industry. The textile waste quantity in 1980 year in United States was around 5 
billion pounds which increased up to 32,44 billion pounds in 2014. The textile waste in 
United States excide yearly 9.5% of municipal solid waste, the deficiency of landfills 
generates greenhouse gases. As an example in the processing cotton, there are by-
products who generate pollution (pesticides, nitrous oxide, greenhouse gas), as around 
0.15 kg of pesticide is used for one shirt produced [3,4].  The large majority (about 95%) 
of the textile waste has a good potential to be recycled, however in the reality being that 
only 15% of the waste is recycled [5-7]. 

The objective of the present paper is to do experimental analysis that will provide 
information about methods to obtain End-of-Life tire-textile composites and their 
characterization as temperature isolators. The evaluation of the textile-rubber composite 
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was done using applying a heated electrode on the rubbery surface of the composite and 
measuring the thermal transfer thorough the material to another electrode, mounted on 
the textile surface of the composite. 

2. MATERIALS AND METHODS

2.1 Materials 
The materials used to obtain the rubber/textile composite are: 
a) Rubber powder
b) Textile scraps material
c) Acrylate rubber, NipolR AR, rubber solution
The rubber powder was obtained by grinding rubber from a motorcycle tire, 

known having more natural rubber in composition vs a car tire. Black, solid rubber 
powder with particles size  up to 100 μm, moisture content < 0,25 %, density(ρ) = 1058 
Kg/m3, measured with digital microscope VT-101 (figure 1, a) 

Acrylate rubber (AR), NipolR AR 51 (density ρ = 1100 kgm−3 at 25oC, Mooney 
viscosity ML (1+4) at 100oC = 55; Tg = -4oC containing epoxy cure site monomer was 
obtained from Nippon Zeon Co. Ltd., Tokyo, Japan. 

Acetone/ethyl acetate 75/25 g/g was a reactive grade purity (b.p. = 56.5oC, ρ=784 
Kg/m3, b.p. = 77.1oC, ρ=902 Kg/m3) 

The AR solution in acetone/ethyl acetate had a concentration of 16 wt.%. 
The recycled textile used for the composite is a 100% cotton base (natural 

cellulosic fibre) (Tesatura Iasi, Romania) with the thickness of 0.28 mm and weave mass 
of 143g/m2 (figure 1, b)  

2.2. Methods 
Fourier transform infrared (FTIR) spectra were used to analyse the chemical 

structure of AR rubber and their blends with powder rubber. The FTIR spectra were 
registered at room temperature using a Vertex 70 (Bruker-Germany) apparatus equipped 
with a MIRacleTM ATR accessory with diamond crystal plate with 1.8 mm diameter for 
wave number between 500 to 4000 cm-1. The spectra were processed with OPUS 6.5 
software. 

Density of the powder sample was measured using a pycnometer (ASTM D854 - 
14 Standard Test Methods for Specific Gravity of Soil Solids by Water Pycnometer) 
(rectangular sample 10 mm x 5 mm x 2 mm). 

For the evaluation of humidity, the samples are dried, at 105oC until they reached 
a constant weight. The samples humidity was calculated with the next formula: 

H (%) =100 x (Wi  – Wd)/Wi (1) 

where H is the percent of the humidity; Wi is the weight of initial sample and Wd is the 
weight of dried sample. 

The dimension of rubber powder was measured with digital microscope VT-101 
(figure 1, a). 

The structure of the cotton weave from the recycled textile is revealed under 
digital microscope (figure 2, b).  

AR rubber solution was done using rubber pellets with dimensions as 15 mm 
length, 10 mm width and 1.5 mm thickness at weight ratio 84 g acetone/ethyl acetate/16 
g rubber. The pellets were grinded at dimensions of 3 mm/1 mm/1.5 mm. To the mixture 
acetone/ethyl acetate, AR rubber was added under agitation at 40oC and 200 rotations 
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per minute (rpm) till complete solving process. After the process is completed, filtration 
method is used to extract unsolved rubber particles. 

The recycled rubber powder was obtained by mechanical grinding of a 
motorcycle tire. Then, the steel residue was magnetically separated. The sorting by 
sieving with a metal laboratory sieve with hole sizes up to 0.149 mm (MRC Laboratory-
Instruments, Sieve mesh for laboratories, ASTM mesh 100, holes 0.149 mm) allowed to 
obtain an assortment with the dimensions between 0.01 mm - 0.12 mm. 

Figure 1. Materials: a - rubber powder; b - recycled cotton 

Figure 2. Digital microscope images: a - rubber powder; b - cotton weaves 

The structure of rubber powder and the cotton weave are registered under digital 
microscope (figure 2, b). The rubber composite at weight ratio 1/1 rubber powder/AR 
rubber were obtained by mixing of 16 g of the rubber powder and a 100 g solution of 
16% AR rubber in acetone/ethyl acetate. The powder was added slowly under agitation 
during 10 minutes. The rubbery solution with 50% recycled rubber powder content 
resulted was applied on the cotton weave as a thin film with the scope of forming a 
rubber-textile composite material. The solution was applied with a coating knife on the 
textile support at a desired thickness. The opposite face of the textile support stayed on a 
silicone paper with role in easing the application effort. After deposing the rubbery 
solution on the textile surface, will dry the surface at cold during 60 min, and then hot 
drying 60 min at 30oC, 120 min at 40oC, 180 min at 50oC, this process being done in a 
dryer with forced ventilation. 

The visual aspect of the samples was evaluated with a digital microscope VT-
101. The thickness of the material obtained was measured with a high accuracy 
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micrometer Mitutoyo MDH-25MB with 0.0001 mm resolution. The structure of the 
rubbery surface of the composite material under digital microscope (figure 3, a), the 
back textile surface is presented in figure 3, b. 

Figure 3. Digital microscope images: a - rubber-textile composite material front; 
b - material back  

After applying the rubber mix solution on the cotton weave and drying at 24oC, 
were obtain 4 samples with thickness of: with 0.38 mm, 0.54 mm, 0.65 mm - 0.68 mm, 
1.38 mm. The aspect of the obtained composite material at weight ratio 1/1 rubber 
powder/AR rubber with 0.54 mm is presented in figure 4. 

Table 1 show the quantities of rubber powder and acetone/ethyl acetate AR 
rubber solution used in the manufacturing process of the four composite samples. 

Table 1. Quantities used in the manufacturing process 
Recycled rubber powder 

(g) 
AR solution 

(g) 
Composite thickness 

(mm) 
2.60 11.96 0.38 
3.69 17.00 0.54 
4.65 21.40 0.68 
9.44 43.40 1.38 

Figure 4.  Rubber-textile composite material: a - front; b - back 
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Resistance at thermal transfer and heat damage was measured. The material 
thickness was measured with a precision micrometre. Measurements are done at 24oC, 
air relative humidity 35%. The temperature transfer was measured in between of two 
aluminium electrodes with useful surface of 7 mm, one electrically heated with a 
resistance. The temperature loss function of exposure time was measured. The 
measurement was done on four composite probes with 0.38 mm, 0.54 mm, 0.65 mm - 
0.68 mm, 1.38 mm. 

Figure 5. Rubber-textile composite material heat transfer measurement 

The temperature variation was measured using two thermocouple coupled at an 
industrial thermometer-controller. 

3. RESULTS AND DISCUSSION

3.1 Appearance 
The composite material resulted can be seen in figure 6. The rubber solution 

didn't get through the textile component as seen on the back of the composite. 

Figure 6. Rubber-textile composite material 

3.2. Infrared spectroscopy 
Infrared spectroscopy is a method for the determination of the structure of AR 

and AR/recycled rubber blend, the FTIR spectra were collected. In figure 7, the spectra 
of pure AR and AR/recycled rubber blend are shown. The assignment of the most 
important infrared bands was made according to literature data [8-12]. In the spectrum 
of both samples the signals located in the range between 3100 and 2800 cm-1 can be 
assigned to the CH, CH2 and CH3 stretching frequency, signals that can also be detected 
in the region 1500-1400 cm-1 with the medium values at 1488 cm-1, and at 1220 cm-1 for 
CH groups. The signals present at 1726 cm-1 can be assigned to the CO groups from 
ester groups from the macromolecular chain. Resistance at thermal transfer of the 
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rubber-textile composite is a function of the chemical structure and the material 
thickness. 

3.3. Thermal characterization of rubber/textile composite 
Resistance at thermal transfer of the rubber-textile composite is a function of the 

chemical structure and the material thickness. The temperature loss function depending 
of exposure time was presented in figure 8. As can be seen in figure 8, the temperature 
variation between the two faces of the composite at a given time is a function of the 
layer thickness, having relatively constant values until the temperature reaches about 
70oC indicating that up to this temperature the composite has good thermal insulator 
properties. Above this temperature the composite begins to deteriorate, starting in the 
first wrinkle with its melting (figure 9). 
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Figure 7. IR spectra of AR and AR/rubber 
powder 

Figure 8. Variation of the surface 
temperature on composite samples with 
0.35 mm, 0.54 mm, 0.68 mm, 1.38 mm 

thickness depending on the exposure time 

Figure 9. Rubber-textile composite material damage after heat exposure 

4. CONCLUSION

The composite material obtained keep textile qualities on one of the faces, this being 
an important quality for future applications. 

The thickness of the composite can be increased, generating a wide range of 
industrial application.   

This research can provide a path to obtain textile composite materials with possible 
sound and vibration absorption applications and with low thermal isolation abilities (under 
70oC ), out of recycled materials as End-Of-Life tires and recycled textiles.   

Future research on sound and vibration absorption will be done. 
All of those prime materials can be provided from the same recycle facility. 
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Obtaining composites with good properties can be done using up to 50 wt% from 
recycle materials as powdered rubber obtained from used tires and scrap textiles. Starting 
from these researches, we can propose recycle plans, using the concepts of Circular 
Economy, with the possibility to utilize used tires and scrap textiles as prime materials for 
industry. 
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Abstract: We use IT applications to solve various problems, such as buying various things, communication or 
professional matters. Everything seems to be solved faster when we shop on online platforms (virtual stores) 
because we can analyse several offers, see the best deals and then decide which one suits our purpose. 
Sometimes the items bought online are returned for the following reasons: they do not look as they were 
presented on the website; these items have functional problems or do not fit (this is the situation with clothing 
and footwear products). Usually, the fit problems occur because the customer did not choose the right size, the 
model does not have a size range that fits the customer, or the customer has a particular body shape. The 
return rate (fit problem) can decrease if the customer can virtually try on the selected model during the 
purchase process to check how it looks on their body. Assuming that customers also have the option to 
personalise the product according to their body shape or desires, their satisfaction increases. In this case, the 
number of returned or unsold products is reduced, and a dynamic and positive advertising campaign for the 
brand can be carried out (based on customer reviews). This paper proposes an integrated solution for online 
marketing of customised clothing products (website for medium or small companies), using a virtual test room 
that simulates the product on the virtual mannequin in different positions (360°). 

Keywords: avatar, body shape, custom made garments, virtual fitting room 

1. INTRODUCTION

Through the Internet, new business models (e-business) have emerged that have 
redefined human interaction, the way organisations conduct their operations and monetise 
social interaction or trade different types of stocks. The activity of companies has been 
focusing on the virtual space because in this area, customers are active, present and they 
inform themselves in order to purchase certain goods or services. Textile companies are 
constantly looking for viable solutions in order to promote their products in the virtual 
space, which is very rich in products, to attract new customers and to reduce the number of 
products that are returned to the best possible extent (non-compliant) [1,2]. 

If the customers have the possibility of personalising/individualising the product 
according to the shape of their body, and to perform a virtual test of the selected item, then 
the level of their satisfaction increases, the amount of returned or unsold products (that do 
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not fit in terms of size) is reduced, and a dynamic and positive advertising campaign can be 
carried out for of the brand (based on customer reviews) [3,4]. 

The paper proposes a method of developing an integrated solution for the online 
marketing (website) of custom-made clothing products that uses a virtual test room which 
allows the simulation of the product on the virtual mannequin in different positions (360°). 

2. GENERAL PRESENTATION OF THE WEBSITE

Technological advancements have enabled manufacturers, users, and retailers to 
enhance their sales service through various virtual platforms that have eliminated the line 
between traditional/conventional stores and online stores [2]. 

An online store (clothing) must provide: 
1. A collection of models, in 3D digital format, accessible to the customer. The models must
be accompanied by complete descriptions of the corresponding products (measurements, the 
types of materials from which it is made, photos, shipping costs, etc.), which are taken into 
account by the customer in order to decide whether or not to buy the product. It is advisable 
to provide tables that allow the customer to estimate the size that they need, based on the 
details that they have specified, colour charts, matching accessories, etc.; 
2. Similar products suggestions (along with the corresponding links);
3. The “Add to Cart” button, optimally placed on the page and easily distinguishable;
4. Payment methods ;
5. Blog (about new products and special offers that can influence the purchase decision);
6. Customer reviews;
7. Social networking links;
8. Return Policy;
9. Page with information about the company (“About us”).

A collection of 3D digital models consists of the following elements: 
1. virtual avatar library → scalable for customisation
2. 3D virtual library of patterns corresponding to some clothing products → the models are
designed in a way that allows them to be modified according to the customer’s 
requirements. 

3. THE ELEMENTS OF THE 3D CUSTOM MADE DIGITAL MODEL
COLLECTION 

3.1. Creating the database of virtual mannequins 
There are several 3D CAD software solutions for the clothing industry ( such as 

Lectra, Optitex, Gerber, Clo3D, Assyst, Graphis, etc.) with the following special features: a 
database of virtual bodies (scalable, to a certain extent), suitable tools that allow the 
designer to directly design the clothing product on the virtual mannequin, a library of raw 
materials which can be used during the virtual design process of the clothing product model, 
and tools that enable one to animate the mannequin in order to evaluate the fitting degree of 
the product [1,3]. 

The virtual mannequins (avatars)  database is created by using the information in 
accordance to the anthropometric standard and is also based on the company's experience 
(customer network); avatars are created for EU sizes (e.g., 36, 38, 40, 42, 44, 46, 48, 50, 52, 
54), with different silhouettes, postures and heights (figures 1-4).  

This paper uses the virtual avatar database (certain shapes and sizes) that is provided 
by Clo3D in order to create a new one for a specific category of customers. By using a 
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virtual database (mannequins), the changes made during the design process are realistic (the 
program has certain limitations in applying certain transformations) [5,6].  

Figure 1. Scaling the virtual avatar Figure 2 Changing the avatar position 

Figure 3. The virtual avatar database (different 
silhouette)  

Figure 4 Virtual avatar, 
size  46 EU 

The virtual avatar database is stored for later use (in the virtual test room). 

3.2. The 3D virtual library of custom-designed models. 
Design the patterns 
The virtual library consists of custom-designed models. The applications created by 

the CAD systems producers for textile clothing allow the custom design (for custom made 
products) to be carried out in two ways: 

a) by designing the 2D patterns for the model components by using special 2D
design tools that allow the data provided by the customer (dimensions of the body, as well 
as information regarding its conformation and posture) and the ones corresponding to the 
model to be integrated in the process. The designer carries out the design process for a 
collection of models that is in accordance with the customers’ requirements and the fashion 
trends. The components that are stored in the virtual library can be automatically modified 
(resized) by altering the data used in their corresponding design process. 

b) by directly constructing the 3D model (with all of its characteristics) on the virtual
avatar. The specific lines of the model (geometry, shape and size) are suitable only for a 
customer whose body dimensions are very similar to the ones of the avatar used in the 3D 
design process of the model. 

A new version of the designed model can be generated for a different customer in 
any of the following ways: 

-by scaling the avatar and the model (which is attached to it at its support points 
from the contact area); 
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-by remodelling the details of the model on another avatar. 
In this paper, we use the first method of creating the 3D virtual library, which 

consists of designing the 2D patterns for the components of the model (while also checking 
their fitting degree on the assembly lines), saving the model and preparing it for the 3D 
simulation (in the Clo3D virtual environment). The components designed in the 2D working 
environment can be combined in order to develop new models by taking into account the 
fitting rules and their roles. 

Custom design in a Gemini CAD can be done by following the geometric design 
method principles (classical method) and of technical design for the shape of components to 
obtain the pattern for the model. In this software environment, the design process is carried 
out in a special layer (geometric layer), in which the user can edit various mathematical 
relations (depending on the geometric design solution) by using the data provided at the 
beginning of the design session (figure 6). They can add or remove data or change the 
structure of the mathematical relations at any time; the components of the model alter their 
shape in accordance with the changes made by the user (figures 7 and 8) [7,8]. 

Figure 6. The design scenario of the geometric network (Gemini CAD) 

Figure 7. Model1- patterns of the 
model pieces 

Figure 8. Model 2- patterns of the model, for 
different clients 
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The model designed for only one customer by using the Made-to-Measure module of 
the Gemini CAD (figure 8) software solution can be adapted for multiple customers by 
simply entering some values in the fields related to the data that has been used in the design 
scenario. The shapes of the components of the model are automatically generated and 
overlaid (figure 8). 

The models constructed in the 2D environment are saved. In the next phase, they are 
imported into a 3D working environment in order to carry out the simulation process 
necessary for developing the virtual collection (the presentation of a model that is tested on 
several virtual avatars). 

 The construction of the material database that is necessary for the garment 
collection 

 The concept of rendering is limited to a process of manipulating digital information, 
including reflected and absorbed light, textures, and volumes. Their corresponding 
parameters are introduced into and processed in the graphical 3D modelling environment 
(figure 9). This process enables one to obtain editable images that are used for the purpose 
of transforming the presented objects into reality (a database containing textile materials 
with physical-mechanical properties). The virtual database of the materials needed for the 
collection is developed in the Clo3D software environment [5]. 

3D Simulation of the virtual models on the mannequins 
 The 2D patterns (that have been created using the Gemini CAD software) are 

imported into Clo3D. Afterwards, the user simulates the sewing process and evaluates the 
fitting degree of the product on the virtual avatar (whose technical details were used in the 
design process) (figure 10). 
The designer obtains the 3D shape of the model by: 
-Selecting of the avatar with the correct shape and dimensions (size and posture); 
-Importing the 2D model into the Clo3D program; 
-Placing the components of the model next to the virtual avatar; 
-Declaring the assembly lines; 
-Choosing the material; 
-Simulating the sewing parts and checking the length of the assembly lines. 

Figure 9. The material database 
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Figure 10. Simulation process 

 In order to get a more accurate picture, the product has to be rendered. This process 
produces a clear image, similar to that of a physical prototype, which can be later used in 
another context. Afterwards, the designer saves the product, along with all of its technical 
specifications: size, format (video or image), resolution and background. In this way, one 
constructs a virtual 3D database of the model that covers various sizes (figure 11). 

Figure 11. 3D custom made models (different sizes and body positions) 

 Clo3D, like any other 3D CAD software, offers the possibility of displaying the 
tension forces that occur in the product (in certain areas) when it is worn on the body. One 
checks whether the model is perfectly balanced on the virtual avatar, and if it fits it. This is 
done by displaying the stress map. The meaning of the colours is the following: 

• Green - the ideal colour, which means the product fits properly, and is balanced
on the avatar; 

• Yellow - the product is too loose (oversized) on the avatar;
• Red - the product is undersized (too small for the selected avatar).

4. INTEGRATING THE 3D VIRTUAL MODEL INTO THE WEBSITE

After having been saved, the model is integrated into the website. The customer 
accesses the website, analyses the information that is provided (collection of models), 
selects the desired model, the customer reaches the point where they have to choose the 
right size [9,10]. The customer looks at the model on a virtual avatar of a certain size. It is 
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possible to alter the dimensions so that they match the desired ones by using the “Test the 
size of the product” option (figure 12). 

According to the instructions, the customer enters their own values for the 
dimensions, expressed in centimetres. In the next stage, the software displays the shape of 
the avatar (in accordance with the changes that have been made). If the entered values result 
in a standard silhouette, the customer receives information about the correct size. The 
dressed modified avatar can be viewed from several positions, as it is exported into the 3D 
working environment. In this way, by changing the viewing scale and the positioning 
distance (display scale), all of the details of the model can be analysed (figure 13). 

Figure 13. Website screenshot 

If the resulting virtual avatar has an atypical shape, the product might not properly fit 
it. In this case, the designer will have to analyse the 3D image of the model and to alter the 
shape of the patterns in order to address the issue. In this way, the virtual model is adapted 
to the shape of the customer’s body without any additional costs. 

If the customer accepts the adjustments (they receive a notification in order to get the 
chance to see what the model looks like after the changes have been applied), the order can 
be finalised and the product can be manufactured and delivered in accordance with the 
customer’s requirements. 

Figure 12. Website screenshot 
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5. CONCLUSIONS

Companies must adapt to these digital changes by developing and properly pursuing 
strategies to leverage digital technologies, in order to maintain or increase competitivity in 
global markets. 

The number of returned products can be reduced by showing what the products 
would look like when dressed on “virtual bodies”, and by tailoring products to the 
customer’s needs. 

The technology must be adapted to the target audience; the market must be analysed 
in terms of financial resources that are allocated to these categories of fashion products, and 
of familiarity with the use of websites. 

Virtuality in fashion involves a virtual fitting room that can be used at any place and 
at any time, without space and time constraints, and without the need to be physically 
present. 

Virtual/digital goods that exist only virtually represent an innovative and futuristic 
approach, but they are mostly inaccessible for the vast majority of the population. 

Providing the customer with the chance of customising the desired products by 
creating their own designs comes with its own set of challenges, due to their limited ability 
to identify and develop their own preferences. The customer can also easily feel 
overwhelmed by the large number of design options. 
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Abstract: We live in a knowledge-based society, which is facing an increasing impact of science and 
technology on all aspects of life through products, services and consumer needs. In the future, society will be 
oriented towards the individual and his needs, which will be more and more complex and varied. The present 
paper comparatively presents a series of variants of cotton fibre yarns: made of blended cotton fibres with 
ultra-high molecular weight polyethylene fibres; yarns of cotton fibres blended with regenerated cellulose 
fibres, that were functionalized with Ag ions and yarns obtained from fibre blends of recycled organic cotton, 
virgin cotton with recovered cotton fibres in order to observe their mechanical potential. The built-in 
functionalities allow their use in areas such as healthcare and hygiene, sports and leisure activities. The 
recovery of textile waste in a circular approach and the transition to a circular economy is an important 
direction for research. The repercussions that the consumption of raw materials in the textile industry has, on 
the environment, as well as on sustainability, determine us to reason in a judicious way when we select the 
different materials that we use in making the products. 

Keywords: eco nanotechnologies, functional textiles, high-tech yarns 

1. INTRODUCTION

 Functional textiles are an interdisciplinary field that incorporates science, technology 
and design, and its future lies in the potential to combine different technologies [1]. 

 Functional cotton textiles blended with cellulose that incorporate silver ions, through 
their antimicrobial properties lead to improved quality of life and contribute to significant 
savings for the health budget [2]. 

 For the production of advanced textile materials, the research methodology includes 
innovative techniques for functionalizing the materials by: 
• high-tech yarn processing, with nano and micro functionalization through classic, flexible,
ecological technologies; 
• incorporation of passive and / or active interactive elements in textile structures;
• eco-nanotechnologies such as electroplating and 3D printing;
• closing the value chain through eco-innovative waste processing technologies.

The most frequently used yarns for making clothing items are: 
• 100% cotton yarns;
• cotton yarns blended with cellulose;
• recycled cotton yarns.

The main purpose of yarn functionalization is to create the basic relationships 
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between properties and effects in fibrous materials, reagents, additives, reactive media and 
reaction parameters. 

 With modern finishing, coating and treatment technologies, innovative and highly 
functional technical textiles are developed for a wide range of applications, including power 
generation, textile architecture, medical materials, conductive / sensor materials or high 
temperature textile protection [3]. 

 These yarns can be a set of variants that underlie the generation of an experimental 
matrix of woven and / or knits with comfort and performance functionalities and recovered 
fibre elements in the current context of research. 

2. MATERIALS AND METHODS

2.1. Materials 
High-tech high molecular weight polyethylene fibre (UHMWPE) offers maximum 

strength with minimum specific mass. 
Regenerated cellulose fibre was obtained through an eco-friendly technology, and by 

adding silver (Ag) ions to the polymeric mass before spinning, remarkable antibacterial 
properties are obtained. This type of functionalisation also offers a longer time to use the 
yarns. 

The yarns used in this research, had the following characteristics: 
 2 variants of cotton spun yarns:
• Variant 1 (V1), tex: 23,05x2 - 100% cotton fibres;
• Variant 2 (V2), tex: 19x2 - blend of 80% cotton fibres and 18% regenerated cellulose
fibres functionalized mass with 2% Ag ions particles. 
 3 variants of spun yarns from a blend of cotton fibres with different percentages of
UHMWPE fibres: 
• Variant 3 (V3), tex: 30x1 - 98% cotton and 2% UHMWPE;
• Variant 4 (V4), tex: 30x1 - 95% cotton and 5% UHMWPE;
• Variant 5 (V5), tex: 30x1 - 90% cotton and 10% UHMWPE.
 4 variants of yarns made of recycled organic cotton, virgin cotton and recovered cotton
fibres: 
• Variant 6 (V6), tex: 21,42x2 - thread R-EARTH / E 50, 50% recycled cotton + 50%
organic cotton (Hilaturas Ferre); 
• Variant 7 (V7), tex: 33,06x2 - thread R-EARTH / E 50, 50% recycled cotton + 50%
organic cotton (Hilaturas Ferre); 
• Variant 8 (V8), tex: 63,52x2 - R-Jeans / J 30 yarn: 27% recycled cotton + 70 % organic
cotton + 3% other recycled yarn (Hilaturas Ferre); 
• Variant 9 (V9), tex: 63,06x1 - thread R-Jeans / J 30: 27% recycled cotton + 70 % organic
cotton + 3% other recycled yarn (Hilaturas Ferre). 

The two types of fibres from regenerated cellulose and UHMWPE, are distinguished 
by different properties, exemplified in table 1. 

Table 1. Lyocell and Dyneema fibres properties [4-6] 
Lyocell fibre properties Dyneema fibre properties 

High tensile strength (2X rayon dry / 3X rayon wet) Extremely strong (up to 15 times stronger than steel 
and up to 40% stronger than aramid fibres) 

Highly absorbent Cut and tear resistance 
Higher water vapour permeability than cotton which 
means that garments are comfortably cool to wear 

Low elongation 

High wet and dry modulus Low density 
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Easily dyeable to strong color-fast shades Low coefficient of friction 
Stable at high temperatures (above 170ᵒC the fibre 

will start to lose strength gradually) 
High abrasion resistance 

It biodegrades completely during biological 
treatment, such as burial or anaerobic digestion 

High pliability 

- Soft as silk 
- Hydrophobicity 

2.2. Methods 
The tests on the yarns were performed on the equipment from the testing 

laboratories, INCDTP accredited by Romanian Accreditation Association (RENAR). 
During the research, the following physical and mechanical properties were 

determined: 
• length density (tex); C.V. (%);
• torsion/ twist (no. tors./m); C.V. (%);
• breaking tenacity (N); C.V. (%);
• elongation at break (%); C.V. (%).

3. RESULTS AND DISCUSSIONS

The yarns made of 100% cotton and those made of the blend cotton and regenerated 
cellulose with Ag ions were analysed to compare their properties with the high-performance 
yarns, and those with content of recovered fibres from waste, in order to highlight the 
mechanical potential and to identify areas of use. Tables 2, 3 and 4 show the results of the 
tests performed for the three categories of yarns. 

Table 2. Yarns length density 
Variants V1 V2 V3 V4 V5 V6 V7 V8 V9 

Length density (tex) 23.05x2 19x2 30x1 30x1 30x1 21.42x2 33.06x2 63.52x2 63.06x1 

CV (%) 10.21 5.79 9.23 5.31 5.86 3.38 5.41 4.4 3.38 

Table 3. Breaking tenacity of cotton yarns 
Determination Breaking tenacity (N/tex) Elongation at break (%) 

Variants, tex V1 23.05x2 V2 19x2 V1 23.05x2 V2 19x2 
Average 0.1810 0.1476 8.4800 8.6500 

Standard deviation 0.0079 0.1315 0.4237 0.5580 
CV (%) 0.0694 0.8909 4.995 6.4500 

The breaking tenacity of cotton and regenerated cellulose yarn is close to that of 
100% cotton yarn, but in relation to the lower fineness, this aspect demonstrating the ability 
of this yarn to withstand mechanical stress (figure 1). 
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Figure 1. Breaking tenacity (N/tex) and elongation at break (%) for cotton yarns 

Table 4. Breaking tenacity of yarns made of cotton and UHMWPE fibres 
Determination Breaking tenacity (N/tex) Elongation at break (%) 

Variants V3 
30x1; 2% 

V4 
30x1; 5% 

V5 
30x1; 10% 

V3 
30x1; 2% 

V4 
30x1; 5% 

V5 
30x1; 10% 

Average 0.1670 0.1810 0.1916 8.6500 8.48 8.2900 
Standard 
deviation 

0.0297 0.0079 0.1111 0.558 0.4237 0.4270 

CV (%) 0.1778 0.0694 0.1019 6.4500 4.9950 5.1500 

Following the determinations, it was observed that the V5 yarn has the highest 
breaking tenacity; elongation at break for yarns containing decreases in correlation with 
increasing the percentage of UHMWPE fibres, demonstrating the ability of this type of yarn 
to resist at mechanical stresses. Only a content of 5 and 10% UHMWPE brings 
improvements in the breaking tenacity of the yarns (table 4). 

Figure 2. Breaking tenacity (N/tex) and elongation at break (%) 
 for cotton with UHMWPE yarns 

 The lowest tenacity values were registered in the case of yarns with a percentage of 
recovered fibres, with the exception of V9, with a higher breaking tenacity even than those 
with 2%, 5%, 10% of UHMWPE fibres and the V7 variant has the breaking tenacity close to 
the results of cotton-UHMWPE yarns. 
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Table 5. Breaking tenacity of yarns made of recycled and organic cotton fibres 
Determination Breaking tenacity (N/tex) Elongation at break (%) 
Variants, tex V6 

21.42x
2 

V7 
33.06x

2 

V8 
63.52x

2 

V9 
63.06x

1 

V6 
21.42x 

2 

V7 
33.06x

2 

V8 
63.52x 

2 

V9 
63.06x 

1 
Average 0.0766 0.1020 0.0800 0.3480 4.7850 9.1400 6.4800 9.6500 
Standard 

deviation 
0.0063 0.0070 0.0061 0.0202 0.5280 0.7960 0.3926 0.5150 

CV (%) 8.1600 6.8500 7.6400 5.8100 11.0400 8.7100 6.0600 5.3400 

Figure 3. Breaking tenacity (N/tex) and Elongation at break (%) for recycled organic cotton 
yarns 

Therefore, due to the superior resistance, these types of yarns from regenerated fibre 
content can be used in favour of the synthetic ones, supporting the concept of circular 
economy and sustainability. 

4. CONCLUSIONS

It is recommended that the performance yarns be used in a judicious manner. 
Yarns with 2% UHMWPE can be used for making clothing or non-clothing products 

entirely in relation to the textile surface. 
The increase of the percentage imposes the realization of clothing or non-clothing 

products of modulated type, and the yarns with content of 5% or 10% UHMWPE to 
correspond exactly to the areas where it is necessary to manifest its performance. 

The yarns may be used with a suitable design, including in combination with yarns 
containing a certain percentage of recovered fibres. 

The values of the mechanical potential of yarns obtained from the blending of 
fibrous organic cotton with recovered cotton fibres can be compared even with conventional 
yarns of virgin fibres of the same fineness. 

Also, the results of breaking resistance, obtained in laboratory, recommend the use 
of these types of yarns both in warp and weft, given that the yarns obtained from waste are 
mainly used in weft or in the production of low-strength products. 
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Abstract: In the past several years, the application of 3D technologies in the textile and clothing design 
industry has considerably increased and become more accessible to designers and patternmakers. With 
digitisation in garment engineering and virtual prototype and modelling techniques becoming more 
mainstream, a new generation of virtual human models starts to develop to fulfil the demand for protective and 
functional products designed for specific athletes, such as climbers and mountaineers. We must base our work 
on an improved understanding of the behaviour of the musculoskeletal system to develop garment patterns that 
minimise discomfort and improve performance under dynamic body deformations and muscle contractions 
associated with specific movements. For this study, we explored the possibilities of using existing software 
packages for virtual prototyping based on human kinematic models for functional clothing. 

Keywords: clothing design, digitalization, kinematic human model, virtual prototyping 

1. INTRODUCTION

Patternmakers are still developing clothes based on the standard anthropometric 
static protocol defined by ergonomic standards or size charts: standing and looking straight 
ahead, with shoulders relaxed, arms at sides, and legs hip widespread [1]. When the size 
charts do not cover the requirements of personal protective equipment, there are 
measurements during movements as standing, sitting, kneeling, etc. [2]. Since the human 
body is engaged in permanent movement, and the demand for functional garments for work 
or sportswear is a modern concern, understanding how the human body alters in dynamic is 
an essential and contemporary research topic. 

In current practice, dynamic anthropometry in the clothing industry was first applied 
for functional and aesthetic sportswear products [3]. Because functional clothing, especially 
for sports athletes, has complex requirements regarding increased physical comfort, 
performance, ease, and range of motion, the 2D flat pattern methods fail to capture the 
complex form of the human body shape in movement. In this case, an efficient method that 
can enhance body mobility and fitting test in movement is using 3D human body data and 
3D technology in order to develop clothing. 

Several changes have been implemented to bring virtual humans closer to our 
everyday lives in the past years. These human body models can be found in many 
interactive applications for virtual reality (VR) and augmented reality (AR), including 
games, movies or commercials. Virtual prototyping is usually based on avatars, garment 
patterns and textile materials. In the garment industry, most virtual models use realistic 
virtual representations of humans based on 3D anatomy scan data or used to the body 
measurement standard charts. Commercially available software package for garment 
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industry that offers avatars includes CLO 3D by CLO Virtual Fashion, Vidya by Assyst, V 
Stitcher by Browzwear Solutions, Modaris by Lectra and various others. 

Morlock et al. were the first to investigate the differences between body 
measurements for work or sports associated positions for both men and women [4]. 3D 
garment simulation software can be used for fit assessment in dynamic positions for 
garments developed for work or sportswear. 

We can mention various skin deformation software avatars such as: 
• Linear Blend Skinning - (LBS) - standard and popular method where the

deformation of the character skin is driven via an underlying skeleton. The linear models of 
male and female body shape are obtained from the CAESAR dataset [5] (approximately 
2000 scans per gender) [6][7]; 

• Skinned Multi-Person Linear - (SMPL) - skinned vertex-based model (male,
female, gender-neutral) that precisely characterises a wide variety of body shapes in real 
human poses, from thousands of 3D body scans [8]; 

• Dynamic Multi-Person Linear - (DMPL) - an extended version of SMPL model
that captures soft-tissue in dynamic [9]; 

• Bone-Level Skinned Model (BLSM) - the bone scales are set prior to template
synthesis; the human body mesh first sets bone lengths and joint angles to specify the 
skeleton [10]. 

Researchers proposed a method based on the BLSM model, capable of precisely 
reconstructing 3D human body pose in the outdoor environment [11]. Klepser et. al [12], 
compared avatars from three 3D garment simulation software systems (CLO 3D, VStitcher, 
Vidya) with 4D scans of real test persons, revealing their limitations, especially in 
movement. Some authors have synthesised that 3D product development based on the 
kinematic human body and 3D technology is an efficient way to create close-fitting clothes 
straight on the body. Kanika et al. [13] proposed an efficient method to design functional 
clothing, developing virtual 3D patterns for specific body postures of a motorcycle rider. We 
considered the human kinematic models presented in the literature, which can be combined 
with different software applications into the digital process to develop functional garments 
[14]. 

2. MATERIALS AND METHODS

 The garment simulation method is usually performed in the following stages: an 
avatar is selected according to defined body measurements, the pattern parts are 
assembled at the seams and digitally sewn together, the garment is placed and draped on 
the avatar, the properties of the fabric are defined, fit assessment and evaluation of the 
model. 

Body movement is recorded by motion-capture technology in other fields such as 
video game design, animation, virtual reality, recuperative pain medicine and sport. 
There are different methods for studying body motion having the same fundamental 
principle of triangulation - e.g., 3D scanners, photogrammetry software, inertial sensors, 
etc. 

Kinematics, in this paper, is an interdisciplinary field that analyses human 
movement. It describes the motion of points, objects and systems of groups of objects 
without reference to the causes of motion (e.g., forces). The study of kinematics is often 
referred to as the “geometry of motion”. Through the lens of kinematics, we must 
consider information about the movement of the body, limbs and joints, that occurs 
during rock climbing [15]. There are big variances in geometry between the genders in 
body forms, proportions and muscle manifestations. In most cases, the kinematic 3D 
model is built of skeleton, muscles and skin. 
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The sport of rock climbing or bouldering involves both lower and upper limbs, 
with movement between rests (figure 1). There are different phases in climbing on a 
rock surface, through continuous upward body movements, such as posture equilibrium, 
arm release, climbing-specific foot raise, resting and another route-finding [16,17]. The 
climber’s success is based on the skill of moving fluidly between the rest points while 
maintaining the centre of gravity over one or, depending on the given route, on both feet. 
Rock climbing is interesting and complex because of the unequal spreading of the holds 
that come in so many angles and sizes. Based on that, the athlete has to perform a 
complex form of locomotion with extreme and contorted postures, combining key 
physiological components like power, strength and muscular endurance at variable 
angles. 

Figure 1. Climbing movements synthesised on body skeleton 

The simulation was performed using a generated male muscular avatar revised to 
define body measurements [18]. In our case, we considered that muscle deformation is 
an important design component in clothes deformation. We integrated the avatar into 
auto-rigging online service Mixamo to insert animation structures from joints and bones, 
similar to those from rock climbing [19]. We placed the markers on the avatar joint 
positions for chin, wrists, elbows, knees and groin (figure 2).  

Figure 2. Auto-rigging: 3d body surface, place makers on joints, inserts skeleton 
generation of animated 3d avatar 

The skeleton can be used as a framework for scan data. To test the interaction 
between the animated avatar and the virtual garment prototype for fitting, we used Clo3d 
[20]. The auto-rigged avatar is imported in FBX format. The rigged avatars can be 
utilised across the current platforms for garment simulation. 

3. RESULTS AND DISCUSSIONS

3D virtual prototyping of garment products enables the designers to easily see how 
their new or existing 2D pattern will look with a wide range of materials and diverse 
strain situations. Additionally, 3D animation with apparel design can be used in e-
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commerce. Digitalisation in garment development involves applying a great diversity of 
CAD systems with integrated 3D modules to develop the pattern designs and assess their 
fit to the 3D body model. The great advantage is that we can check the fit simulation and 
the virtual wearing comfort of functional clothing by using pressure tools and analysing 
stress, pressure points, strain and fit maps. 

We tested the animated dummy as an import into Clo3d and designed clothing on 
it. Examining avatars exposes alterations between software in appearance and shape. 
Various methods to study 3D garment simulation were reviewed. The obtained results 
are: 

(1) identifying climbing phases through kinematic analysis; 
(2) generating a rigged avatar; 
(3) obtaining postures with muscle deformation; 
(4) case I - garment pattern construction using the traditional 2D method, then 

analyse fit in motion; 
(5) case II - garment pattern created with 3D flattening technique direct on 

dynamic posture; 
(6) findings. 
The postures obtained from the generated rigged avatar are reliable in 

considering which areas of the body are exposed to extreme tension. The kinematic 
analysis showed that the knee, hip and crotch region are the stress points during 
bouldering specific movements. 

Figure 3. Postures with muscle deformation 

In case I, starting from the avatar static posture, we adopted the traditional 2D 
method of garment pattern construction for outdoor climbing pants, animated in Mixamo 
and then analysed fit in motion. We observed that the dressed avatar in motion shows a 
disturbing effect at the hip and knee joints (figure 4). 

The garment pattern for the second case of outdoor pants design will consider the 
mapped red zones on the avatar (figure 4). We can observe muscle deformation during the 
knee and hip flexion, where, normally, the fabric should extend the same as the muscle will 
contract during bouldering movement, being like a second skin. Following the avatar shape 
from the dynamic posture, we can trace the body skin deformation to create lines and shapes 
(figure 5). The lines are drawn with the 3D Pen (Avatar) directly on the virtual climber. It is 
essential to draw and close shapes on the avatar because the flattening function only 
recognises and extracts closed surfaces as patterns. 
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Figure 4. Case I - 3D simulation and fit analysis 

Figure 5. Case II – Pattern flattening and 3D prototype 

When designing garments alongside 3D avatars, we can test the fit against flexed 
limbs and muscle bunches in real-time and dynamic motion, which vary the diameter and 
overall shape of limbs. In these situations, it is much clearer where garments need to be 
elastic or have fabric folds that compensate for dynamic shape differences between static 
and dynamic states of the body. While avatars are a very useful emergent tool in garment 
design, one must consider the shortcomings of incipient states of technology – e.g., the first 
avatars somewhat struggle to recreate soft tissue folds along large joins. We must further 
include and update 3D models with anthropometric parameter data sets to achieve a 100% 
accurate, complete form-fitting dynamic mannequin. There has been interesting in the 
perfection of 3D fabric dynamic and draping on scans and models. The area lacking is 
making the actual dynamic models accurate, taking into account scan data and adapting to it. 
Hence, this paper aims to assess virtual prototyping using personalised kinematic human 
models. 

4. CONCLUSION

Animating digital humans with clothes has numerous applications, especially with 
3D content for fashion runaway collections, e-commerce, entertainment or virtual try on. 

The proposed method for virtual prototyping using an avatar has proven to be 
efficient in the kinematic analysis of rock climbing. Simulating bouldering is quite 
difficult because it requires high degrees of freedom considering the climber’s body and, 
consequently, a wide range of climbing movements. 

We presented different methods for creating a personalised virtual kinematic human 
model prototype regarding compatibility, the right mix of existing software packages and 
digital transformation. 

297



In the first case, we find body areas that are compressed or restructured by the 
simulated movement or virtual garment. The fact that the avatars zones overlap at a certain 
point cannot be reproduced accurately. The second case, with 3D to 2D pattern flattening 
method for sports garments, gives the impression of a viable solution in understanding the 
anthropometric dimensions through dynamic body movement and extreme postures. 

Virtual prototyping based on human kinematic models can be the new go-to method 
in functional clothing design. Our future work will compare traditionally patterns and 
patterns obtained with the flattening (model unwrapping) procedure. 

Product development designers can communicate faster with textile engineers and 
deliver more inspiring collections at a lower cost with digital visualisation and prototyping. 
With 3D technologies in the textile and clothing design industry, the line between “realities” 
and “virtual” fade even more. A 3D modelling environment provides the logistical 
advantages of a virtual medium, giving designers free rein when it comes to pursuing 
perfection. Having the luxury of testing countless iterations of a product without committing 
(and wasting) endless amounts of resources is also an advantage when it comes to reducing 
the carbon footprint of the fashion industry. 
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Abstract: This paper presents the correlation and covariance analysis of the electrical resistance dependence of 
mass, thickness and air permeability of textile structures coated with magneto-conductive materials and used for 
protection against electromagnetic waves.  For this scientific approach, 9 experimental models of composites-
based fabrics with electroconductive properties were made by applying different pastes based on organic 
polymeric matrices polyvinyl alcohol (PVA), copper (Cu), aluminium (Al), zinc (Zn), iron oxide (Fe3O4) and 
polypyrrole (PPY) solution using a classical deposition method such as scraping. The surface resistance was 
evaluated using a resistance meter device based on two parallel electrodes. From all samples analysed 5 
samples based PPY, PVA-Ni, PVA–Ni-Al and PVA-Zn present a surface resistance between 103 and 105 Ω. 
Because the surface resistance has a lower value this means that the samples have a good conductivity to be 
used as layers for electromagnetic shielding systems. 

Keywords: coating, conductive, electrical resistance, electromagnetic shielding, textile 

1. INTRODUCTION

The investigation of the electrical properties of textiles was a challenge in numerous 
scientific papers because of the variation with temperature and moisture [1]. However, the 
ambient temperature and humidity, in real condition, is impossible to be controlled and this 
leads to variation in the surface resistance of the textile materials which tends to increase the 
conductivity with moisture contents even if are not previously treated with conductive pastes. 
In addition, the temperature and moisture at the skin level cannot be controlled and this can 
lead also to a variation of the surface resistance in the case of the textile conductive electrodes 
in contact with the skin. An increasing interest is in using the conductive inks composed of a 
polyurethane-based elastomer containing Ag flakes or polypyrrole [2,3] for smart textile 
applications [4-6]. In addition, the practical methods to obtain the conductive fabrics include 
metal or graphene coating and conducting polymer (polyaniline, polythiophene, PEDOT: PSS, 
and polypyrrole) coating [7-11].  

The scientific literature presents several aspects concerning the influence of textile 
moisture or temperature on the surface electrical resistance of textiles [12-14]. The use of 
copper-coated lyocell cellulose fabric for flexible strain sensor [15] or nano copper loaded 
nonwoven polypropylene-based textile ECG electrodes was presented in numerous scientific 
papers [16-18]. In addition, the use of coatings-based nickel and titanium presents a good 
application for actuators [19,20]. Special attention is on using the Fe3O4 nanoparticles on 
cotton fabrics by the Pad-Dry-Cure process for the elaboration of magnetic and conductive 
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textiles [21]. Aluminium and nickel were applied in numerous applications for 
electromagnetic shielding [22,23]. 

In the context of electroconductive textile development and characterization, this paper 
is divided into the following parts: experimental part section introduce the specific aspects of 
the coatings and materials physico-mechanical and electrical characterization; 
correlative/covariance analysis section introduces the main aspects concerning the covariance 
and correlation matrix, principal components analysis and correlation coefficients; the 
discussions section introduce explanations about correlation coefficient values signification 
and finally, the conclusion section concludes the paper.  

2. EXPERIMENTAL PART

 In the framework of the 3D Electrotex project, 9 experimental samples were obtained 
using different pastes based organic polymeric matrices PVA and metallic nonferrous or 
ferrous microparticles such as zinc (Zn), copper (Cu), nickel (Ni), aluminium (Al), iron oxide 
(Fe3O4) and polypyrrole (PPY). The physico-mechanical and electrical properties were 
evaluated in the laboratory. In table 1 are presented the investigation results for the 9 samples 
treated with conductive pastes and the standard sample (M). 

Table 1. Physico-mechanical and electrical characterization 
No. PPY Ni Cu Al Zn Fe3O4 H2O Rs*(Ω) M**(g/m2) δ****(mm) Pa****(l/m2/sec) 
M - - - - - - x 1012 518 1.36 107 
1 - x - - - - x 103 590.8 1.5 113.4 
2 - x x - - - x 107 623.2 1.424 109.4 
3 - - x - - - x 1011 623.6 1.42 121.8 
4 x - - - - - x 108 513.6 1.472 187.4 
5 x - - - - X - 105 513.6 1.472 55.68 
6 - - - - - x x 108 602.8 2.408 55.73 
7 - x - x - - x 103 769.6 3.878 143 
8 - - - x - - x 105 577.2 1.25 88.14 
9 - - - - x - x 105 559.2 1.684 16.2 

Note: *Rs – electrical resistance; **M - mass; ***δ – thickness; ****Pa – air permeability. Pressure difference 
used: 200 Pa; Standard conditions: T=20,2oC, RH=64,5%. 

In table 2 are presented the optical view of the samples captured using the optical 
microscope with a magnification of 60x. 

2. CORRELATIVE/COVARIANCE ANALYSIS

Using the results from physico-mechanical and electrical investigations were evaluated 
the correlations and covariance between dependent (Rs) and independent variables (M, δ, Pa) 
using the analysis of principal components (ACP) to resolve the following issues: 
Data complexity reduction and correlation/covariance matrix (table 3-9); 
 Establishing of the correlations and covariances (table 3 and table 6); 
 The determination of the latent variables and the behaviour. However, the variant of the 
variables measured can be found in the variant of hidden variables (influencing factors), 
which are determined by the association. In addition, considering the variables x1, x2, ... xp, it 
is necessary to determine certain components C1, C2,…, Cm, where 𝐶𝐶𝑖𝑖 = 𝑤𝑤𝑖𝑖1𝑋𝑋1 + 𝑤𝑤𝑖𝑖2𝑋𝑋2 +
⋯+ 𝑤𝑤𝑖𝑖𝑖𝑖𝑋𝑋𝑖𝑖, to obtain m<<p. 

Table 2. Analysis of the surface topography of the fabric by optical digital microscopy 

301



60x 1 2 3 

60x 4 5 6 

60x 7 8 9 

• Correlative analysis

Table 3. Eigen analysis of the Correlation Matrix 
Eigenvalue 1.9947 1.0649 0.7666 0.1738 
Proportion 0.499 0.266 0.192 0.043 
Cumulative 0.499 0.765 0.957 1.000 

Table 4. Eigenvectors 
Variable PC1 PC2 PC3 PC4 

Rs -0.327 0.608 0.714 0.117 
M 0.667 0.029 0.162 0.727 
Δ 0.638 0.029 0.378 -0.670 
Pa 0.204 0.793 -0.567 -0.092 

• Covariance analysis

Table 5. Eigen analysis of the Covariance Matrix 
Eigenvalue 9.87726 x 1022 5516 2121 -3 
Proportion 1.000 0.000 0.000 -0.000 
Cumulative 1.000 1.000 1.000 1.000 

302



Rs 1.000 0.000 0.000 -0.000 
M -0.000 0.964 0.267 -0.009 
Δ -0.000 0.008 0.003 1.000 
Pa 0.000 0.267 -0.964 0.001 

Table 7. Unrotated Factor Loadings and Communalities 
Variable Factor1 Factor2 Factor3 Factor4 Communality 

Rs -0.462 0.627 0.625 0.049 1.000 
M 0.942 0.030 0.142 0.303 1.000 
δ 0.901 0.030 0.331 -0.280 1.000 

Pa 0.288 0.818 -0.496 -0.038 1.000 
Variance 1.9947 1.0649 0.7666 0.1738 4.0000 

% Var 0.499 0.266 0.192 0.043 1.000 

Table 8. Rotated Factor Loadings using Quartimax Rotation and Communalities 
Variable Factor1 Factor2 Factor3 Factor4 Communality 

Rs -0.173 0.045 0.984 -0.003 1.000 
M 0.927 0.114 -0.160 0.318 1.000 
δ 0.960 0.023 -0.041 -0.276 1.000 

Pa 0.114 0.992 0.044 0.003 1.000 
Variance 1.8246 1.0007 0.9971 0.1776 4.0000 

% Var 0.456 0.250 0.249 0.044 1.000 

Table 9. Factor Score Coefficients 
Variable Factor1 Factor2 Factor3 Factor4 

Rs 0.110 -0.059 1.039 0.222 
M 0.506 -0.067 0.098 1.740 
δ 0.582 -0.067 0.100 -1.620 

Pa -0.077 1.020 -0.061 -0.173 

In figures 1 – 3, are presented the 3D representations for the Rs depending on the mass 
(M), thickness (𝛿𝛿), and air permeability (Pa). 

Figure 1. 3D surface representation Rs = f(Pa, M) 
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Figure 2. 3D surface representation Rs = f(Pa, δ) 

Figure 3. 3D surface representation Rs = f(M, δ) 

In the math expressions 1-6 are presented the correlation coefficients rRs,Pa, rRs,M, rRs,δ, 
rM,δ, rM, Pa, rδ,Pa. 

𝑟𝑟𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃 = �1.0000 0.0684
0.0684 1.0000� ⟺ 𝑟𝑟12𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃 = 𝑟𝑟21𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃 = 0.0684           (1) 

rRs,M = � 1.0000 −0.3131
−0.3131 1.0000 � ⟺ r12Rs,M = r21Rs,M = −0.3131     (2) 

rRs,δ = � 1.0000 −0.2043
−0.2043 1.0000 � ⟺ r12Rs,δ = r21Rs,δ = −0.2043       (3) 
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𝑟𝑟𝑀𝑀,𝛿𝛿 = �1.0000 0.8116
0.8116 1.0000� ⟺ 𝑟𝑟12𝑀𝑀,𝛿𝛿 = 𝑟𝑟21𝑀𝑀,𝛿𝛿 = 0.8116 (4) 

rM,Pa = �1.0000 0.2132
0.2132 1.0000� ⟺ r12M,Pa = r21M,Pa = 0.2132             (5) 

rδ,Pa = �1.0000 0.1297
0.1297 1.0000� ⟺ r12δ,Pa = r21δ,Pa = 0.1297              (6) 

4. RESULTS AND DISCUSSIONS

 The results obtained following the experimental plan (Table 1), in comparison with an 
insulative material (M), consists in: 
- 5 samples (1, 5, 7, 8, 9) based on Ni, PPY+Fe3O4, Ni+Al, Al and Zn having the electrical 
resistance specific to the conductive materials (103-105Ω) with potential to be used such as 
electrodes in sensors, actuators or electromagnetic shield for electromagnetic waves 
attenuation;
- 4 samples (2, 3, 4 and 6) based on Ni+Cu, Cu, PPY and Fe3O4 having the electrical 
resistance specific to the static dissipative materials (107-1011 Ω) with potentially safe in ESD 
(electrostatic discharge) environment and prevent the damage of the sensitive equipment. 

 Evaluating the math expressions 1-6 concerning the correlation coefficients rRs, Pa, 
rRs,M, rRs,δ, rM,δ, rM, Pa and rδ, Pa, we found that: 
  The greatest correlation coefficient is between the mass and thickness and the lowest 
one is between the surface resistance and the mass: rM,δ> rM, Pa> rδ,Pa> rRs,Pa> rRs,δ> rRs,M. This 
means that between the mass and thickness it is a strong dependence. Withal, between surface 
resistance and mass is a moderate negative correlation which means if the independent 
variable (mass) increases, the dependent variable (surface resistance) tends to decrease. 
  Between surface resistance and air permeability it is a strong and positive correlation 
and which means that by increasing the air permeability (independent variable) of the fabric, 
the discontinuities and pores in the fabric increase and the distance between metallic 
conductive particles increase and this led to the reduction of the surface conductivity and 
increasing the surface resistance (dependent variable). As a result, the surface resistance has 
increased due to the air insulation and the reduction of the distance between the conductive 
microparticles in a certain level of the fabric. 
  Between the surface resistance and thickness, it is a negative dependence which means 
if the independent variable (thickness) increases due to the conductive layer thickness, the 
dependent variable (surface resistance) tends to decrease. 

5. CONCLUSIONS

 In conclusion, the samples obtained have an electrical resistance specific to the 
conductive materials (103-105 Ω) used for sensors, actuators or EM shields, respective for 
dissipation of the static energy (107-1011 Ω). 

In addition, the analysis of the principal components is important because it generates: 
  the reduction of the redundant data; 
  establish the correlations and covariance between variables necessary in the prediction 
of the variable’s dependencies; 
  discover the latent variables; 
  establish the correlation and covariance matrix. 

The analysis of the correlation coefficient conducts to conclusions that the surface 
resistance is not in a dependent relationship with the mass and thickness, and is in a dependent 
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relationship with air permeability.  However, a higher value of the air permeability means that 
the conductive layer is not perfectly continuous, the conductivity is reduced and the surface 
resistance increase with the density of the air gaps in the fabric, because the air is a good 
insulator having a resistivity between 1.3 x 1016 to 3.3 x 1016 Ω. 
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Abstract: Magnetic textile materials represent a new category of smart materials, whose properties are obtained 
either by adding magnetic materials during the technological processes of obtaining fibres and yarns, either by 
applying some magnetic materials on textile surfaces during the chemical finishing processes (electroless 
plating, electroplating, magnetron sputtering). Therefore, by adding magnetic nano powders in the spinning 
solution, fibres with magnetic properties are obtained, by adding metallic fibres, with magnetic properties, 
during the spinning process, magnetic yarns are obtained, and by the insertion of a certain percent of 
metallic/magnetic yarns during the weaving or knitting process, textile materials with magnetic properties are 
obtained. Thus, magnetic textile materials will possess the uniqueness of a textile structure due to specific 
features as flexibility, breathability or lightweight, but at the same time, also the magnetic properties necessary 
in multiple applications such as magnetic sensors, actuators and electromagnetic shielding used in technical 
applications for defence, automotive and aerospace. 

Keywords: actuators, composites, filler, functionalization, magnetic materials, textiles 

1. INTRODUCTION

Magnetic textiles belong to the group of smart textiles, as independently of their 
natural textile features, they are characterized by new magnetic properties which depend on 
the type of magnetic material (the filler) included in the textile matrix, as well as on the filling 
degree [1]. For the magnetic functionalization of the textile materials, are usually used 
composites based on magnetic materials such as iron oxide nanoparticles (Fe2O3 or Fe3O4) 
combined with conductive polymers (polypyrrole (PPY), polyaniline (PANI), polythiophene 
(PTH)). Inherently, conductive polymers such as PPY or PANI, known as “synthetic metals”, 
are unique due to their electrical properties similar to those of metals, while maintaining the 
mechanical characteristics of polymers [2-4]. The resulted composite materials, consisting of 
two or more components with magnetic and electrical properties, gain significantly different 
electromagnetic, physical and chemical properties, as compared with the properties of initial 
materials. Thus, the added magnetic component allows the responses of the composite 
material under the influence of an external magnetic field [5,6] and is very useful in medical 
applications for drug delivery. 

The parameters such as dielectric permittivity, magnetic permeability and electrical 
conductivity define the electromagnetic properties of a textile material [7]. 

This research paper presents a study of the magnetic textile materials – focused on the 
obtaining processes, their magnetic properties and applications. 
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2. OBTAINING PROCESSES OF MAGNETIC TEXTILE MATERIALS

Conventional textiles are generally obtained from non-magnetic and non-conductive 
polymeric materials, which means that they are magnetically negative. Table 1 shows the 
values of magnetic susceptibility (χ), for some reference raw textile materials. 

Table 1. Magnetic susceptibility of some textile fibres [7] 
Material Magnetic susceptibility (χ) 

Ethylene −10.3 × 10−6 

Polypropylene −10.1 × 10−6 
Fluorine − 47.8 × 10−6 
Polyester −6.53 × 10−6 
Nylon 66 −9.55 × 10−6 

Magnetic functionalization of the textile materials can be achieved by: 
• the introduction of some materials with special properties during the obtaining process of
fibre/yarn/material; 
• the deposition of some materials with specific characteristics on the fibre/yarn/material
surface during the finishing process [7,8]. 

Therefore, magnetic functionalization of fibres, yarns and 2D and 3D textile surfaces 
can be obtained: 
a) during the fabrication process of the fibres;
b) during the spinning process of the yarns;
c) during the obtaining process of braided, woven, non-woven and knitted materials;
d) during the finishing process of fibres, yarns and textile structures [7,9,10].

2.1 Fibres functionalization 
During the spinning process of the textile fibres, metallic fibres, carbon/ graphite 

fibres, or intrinsic conductive polymeric materials, with intrinsic electromagnetic 
functionalities, can be used to replace partially or totally the conventional fibrous textile 
material. The most exploited raw material for obtaining magnetic textile fibres is cellulose, in 
the solution of which is possible to add powders with magnetic properties, such as iron, cobalt, 
nickel and different ferrites, by mixing during the spinning process [7,11]. 

Chemical finishing, in the case of conventional fibres that lack electromagnetic 
properties, allows the deposition on their surface of some metallic coatings or powders by 
different procedures, such as electroless plating, electroplating, magnetron sputtering, in situ 
polymerization, etc. [7]. The most exploited textile fibres suitable for magnetic 
functionalization by chemical finishing are natural vegetal fibres, like cotton, with high 
cellulose content, known for its important role in fixing and stabilizing the binder, with a high 
degree of hygroscopicity and retention of aqueous substances, but also new as mango fibres, 
etc. [12-15]. 

2.2 Yarns functionalization 
The introduction of fibres with electromagnetic properties during the spinning process 

of yarns leads to magnetic yarns. Obtaining these yarns by processes like blending or 
enveloping, necessitates particular attention, especially regarding the ratio between the 
magnetic/metallic fibres and the conventional ones, knowing that metallic fibres are not 
suitable to be used alone for weaving because of their low elongation and poor toughness [7]. 
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By inserting a microfilament with electromagnetic properties in the yarn structure, 
there could be obtained the following yarns with magnetic properties: i) yarns obtained by 
enveloping the exterior of a metallic microfilament with a fibrous layer; ii) twisted yarn 
obtained by twisting together a metallic microfilament with a conventional textile yarn; iii) 
plied yarn obtained by parallel feeding of the conventional textile yarn and the metallic 
filament [16]. 

Chemical finishing is a deposition process onto the yarn surface of a metallic coating 
or powder by processes like electroless plating, electroplating, magnetron sputtering, etc., to 
obtain the targeted magnetic properties [7,17]. 

2.3 Textile surfaces functionalization 
During the weaving or knitting process of textile structures, the metallic yarn cannot 

be used as unicomponent element, due to its poor elongation and flexibility, necessitating 
additional processing steps like blending or enveloping with conventional fibres. Thus, there 
can be obtained functionalized yarns with magnetic properties, adequate for direct feeding of 
weaving or knitting machines, in different ratios with conventional yarns [7]. Several 
experimental reports have shown that both in the case of rectilinear or circular knitting 
machines, as well as in the case of classical weaving machines, feeding of yarns with metallic 
microfilament content was possible, in the same time establishing the relationship between 
the feeding ratio of metallic yarns and the electromagnetic shielding effectiveness [16]. 

Chemical finishing techniques, like solution impregnation, coating or scraping, 
represent the last step in the fabrication process of textile material and implies the addition of 
chemical products to the textile materials, their aspect remaining generally unchanged after 
these procedures [8]. 

Impregnation with a solution containing ferromagnetic microfilaments proved to be 
unsuitable in the case of functionalizing textile materials intended for shielding 
electromagnetic waves. By impregnation of a 100% cotton fabric with a 20% polyurethane 
solution, containing ferromagnetic filaments, an uneven distribution onto the fabric surface of 
the ferromagnetic microfilaments was obtained. Fibre agglomerations appeared even since 
the blending step with the polyurethane solution. Solving the problem of uneven distribution 
through solution impregnation in two steps proved to be inefficient in terms of the filling 
degree of the composite material, which increased proportionally with the polyurethane 
solution concentration [16]. 

In the case of metallic nanoparticles easily oxidized by air or aqueous solutions (e.g., 
nano copper), it is recommended the addition of a small quantity of ascorbic acid (Vitamin C) 
in the polymeric matrix of the dopped solution with ferromagnetic filaments/powders [18]. 

The coating with neo dim magnetic microparticles onto textile substrates obtained by 
different technologies (knitting or weaving), revealed higher performances for the composite 
based on knitted structure compared to the woven structure, due to the higher energy present 
on the surface, due to the higher wetting capacity and rubbing coefficient, leading so to higher 
retention of magnetic powder [10]. 

Significant magnetic performances have been obtained by coating cotton with barium 
ferrite (BaFe12O19) doped aniline solution, resulting in a new composite material, with 
electromagnetic properties with particular values of remanent magnetization of 0.54 emu/g, 
as well as coercive value of 4700 G, under ambient conditions [19]. 

Scraper coating of some woven textile materials with solutions dopped with hard 
magnetic powders of barium hexaferrite (BaFe12O19), demonstrated that the magnetic 
performances increase directly proportional to the percent of magnetic powder from the 
coating solution. For a more even deposition onto the textile surface, it is recommended that 
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the size of selected ferromagnetic powders to be at nano level [20]. Similar conclusions were 
elaborated, that the increase of the mass, thickness and air permeability of fabric will generate 
the decreasing of the conductivity, a fact explained by the decreased concentration of the 
magnetic nanoparticles onto the fabric surface, when multivariate regression analysis was 
applied [21]. 

 Magnetron sputtering allows the deposition metallic layers, with nanometre 
thicknesses onto the textile structure surfaces. The tests have shown that by copper deposition 
onto the textile structure surfaces, the electromagnetic shielding effectiveness of textile 
materials grew significantly [22]. 

 Plasma treatment at atmospheric pressure proved to be superior to conventional 
cleaning, by improving the hydrophily. The process is more friendly with the environment 
compared to conventional procedures, which implies the use of higher quantities of water and 
various chemical substances [23,24]. 

3. APPLICATIONS OF MAGNETIC TEXTILE MATERIALS

Due to the fundamental properties exhibited by the magnetic textiles, such as electrical 
conductivity, dielectric permittivity and magnetic permeability these are exploited in a large 
number of applications in the field of aerospace, automotive, medicine and smart clothing 
(sport, protection) [18]. 

Composites obtained by introducing ferromagnetic nano powders into the fibres 
spinning solution are also known as electromagnetic composites, due to their multiple 
applications in structures of microelectronic and nano-electronic micro-mechanical systems 
(MEMS) and bio-micro-mechanical systems (MioMEMS) [1]. 

Magnetic textiles exhibit a great potential for applications in the fields of medical 
devices (actuators and magnetic sensors). Magneto-active fabrics (MAFs), as magnetic 
dielectric tissues, obtained through soaking with silicone oil and iron oxide microfibers, 
represent a promising candidate for the fabrication of health monitoring systems and 
electromagnetic radiation absorbers [25]. 

Luminescent magnetic fibres obtained from the modification of the lyocell fibres 
through the NMNO (N-methyl morpholine-N-oxide) method are successfully used for the 
production of threads and yarns. Under UV light irradiation, this novel fibre glows and 
exhibits magnetization, being an innovative method of intellectual rights protection in the 
fashion industry, because the original garments become almost impossible to counterfeit [26]. 

4. CONCLUSIONS

Factors that influence the magnetic functionalization process of conventional textile 
materials, by integration of magnetic materials on the textile structure surfaces, are as follows: 
• Nature of the textile raw material: cotton fibre is the most frequently used for the
substrates of the composite materials designed with magnetic properties based on classical 
finishing processes with dispersions or pastes-based water. This is due to the multiple polar 
cellulose groups present on the cotton fibre, which gives its high hydrophilicity and an 
excellent wetting capacity, but also because improves the comfort properties of the resulted 
composite material. Even if synthetic fibres, such as polyamide and polyester, although 
possess polar groups, cannot absorb large quantities of water, due to their advanced 
crystallinity [2,10,16,18,19,22], but can be used successfully in case of using the coating 
technologies such as electroless plating, electroplating or magnetron sputtering. 
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• Obtaining process of the textile substrate: there are only a few studies regarding the
obtaining of composite materials with magnetic properties, using knitted structures as 
substrates, compared with the using of woven structures. Knitwears, especially the 3D ones, 
possess a high potential for exploitation in this direction, due to high breathability given by 
the controllable porous structure, due to the controllable cross-section geometry by binding 
the external layers with yarns or other knitted structures having electromagnetic properties. 

The high potential of the knitwears was also confirmed by several studies that 
compared the magnetic properties obtained by depositing under similar conditions of the 
solutions containing ferromagnetic materials on knitted and woven substrates, respectively 
[2,7,10]. 

Mainly, for magnetic composites development are used conductive polymers such as 
PPY, PANI, PTH mixed with magnetic nanoparticles. These composites obtained have 
numerous applications for actuators [2-4,27]. 

The higher the concentration of magnetic powder dopped in the coating solution of 
the textile substrate, the higher the magnetic induction intensity of the composite material 
[10,19,20]. 

To improve the electromagnetic properties of a textile structure it is possible to 
simultaneously use: the insertion of conductive yarns during the weaving/knitting process, 
followed by the deposition onto the surface material of a thin layer containing ferromagnetic 
nanoparticles [22,28]. 
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Abstract: This work presents several aspects concerning the e-learning courses about composite materials 
developed for capacity building in the field of advanced materials for new or upgraded research centers in 
Morocco and Jordan. The proposed course for capacity building in the field of advanced materials development 
is represented by 3D advanced composites obtained through textile technologies and additive manufacturing 
processes. This course presented using e-learning technologies received increased interest from students attending 
the learning sessions in the framework of the Fostex Erasmus+ project because can be applied to obtain 
composites for a large area of industries such as automotive, construction, medicine, electronics/electrotechnical 
and aerospace. The textile composites are materials made from 2/more constituent materials with different 
chemical, physical and electrical properties. When combined, these materials generate a material (composite) 
with different characteristics than the initial individual components. The design and development of the composite 
can lead to new materials with superior characteristics: more robust, lighter, flexible, and less expensive in 
comparison with traditional materials such as metal, ceramics. 

Keywords: e-Learning, electroconductive, 3D composites, textiles 

1. INTRODUCTION

In the framework of the project, Fostex Erasmus+ has been developed several courses 
about technical textiles including composites development and testing. These e-learning courses 
were developed to enhance the knowledge of the students (Ph.D., Master) and to improve 
employability in the new or upgraded research centers developed in Morocco and Jordan with 
financial support obtained through the Fostex Erasmus+ project for purchasing new equipment. 
The course about composites investigation and development was very appreciated by the 
audience because the composite opens a new perspective for the textile industry in strong 
connection to other industrial areas such as automotive, aerospace, construction, medicine or 
electro technique. 

In general, composite textiles used in aerospace, construction, automotive, medicine, 
sports, electronics (wearable – lighter / flexible electrodes) are complex structures that can be 
developed using multidisciplinary approaches such as material science, chemistry physics, 
mathematics, textile and mechanics knowledge. The textile components such as fibers, yarns, 
filaments, knits, woven and nonwoven can be used in advanced composites development for 
reinforcements. The principal textile components for composites and the interdependences 
between them are presented in figure 1. 
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Figure 1. Textile components used in composites 

2. COMPOSITES CLASSIFICATION

 The classification of the composite materials is done according to the polymer type, 
reinforcements, and matrix types. According to the polymers used, the composites can be are 
thermoset and thermoplastic [1]: 
 Thermoset composites are based on polymers such as epoxy, unsaturated polyester and 

vinyl-ester; 
 Thermoplastic composites are based on the polymers such as polyester, high-density 

polyethylene (HDPE) 
According to the reinforcements used, the composites can be classified on [2]: 

 Laminated composites (lamination is done on the nonwoven, braided, fiber reinforced, 2D 
woven or knitted); 

 3D woven composites; 
 3D knitted composites. 

According to matrix types used such as polymeric, metallic, ceramic or 
carbon/graphite), the composites [1,2] are: 
1.Polymeric matrix thermoset (epoxides, polyester, polyamides) or thermoplastic reinforced
with glass fibers, carbon fibre, aramid fibre or metallic fibre; 
2.Metallic matrix;
3.Ceramic matrix (resistance at higher temperature 1000⁰ C);
4.Carbon/graphite matrix (good resistance at high temperatures).

In line with the textile dimensions, the textile components used in composites can be 
1D, 2D or 3D structures. 
• 1D (fibers or yarns)
• 2D nonwoven fabrics (nonwoven, knitted, woven)
• 3D fabrics (nonwoven, woven (figures 2 and 3), knitted (figures 4 and 5) offer through-the-

thickness reinforcement, improve the interlaminar properties, and damage tolerance of the
resulting composites.

Figure 2. 3D composite fabrics [3] 
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a       b 
Figure 3. 3D woven composites: a - 3D woven structures [4]; b - UK, 3D carbon fibre 

preforms for composites [5] 

The integrally knitted fabric preforms are produced by computer-controlled weft 
knitting machines (figure 4). 
• Multiaxial warp knit (MWK) fabrics (figure 4)

Figure 4. 3D composites based on warp knits (Karl Mayer –MWK) [6] 

• Spacer fabrics (figure 5) are sandwich structures that consist of two knitted fabric layers
connected by yarns.

Figure 5. Spacer fabrics [7] 

The 3D printing techniques are very versatile and offer an easy way to produce 
composites based on textile support (knits, nonwoven or woven fabrics) with applications in 
several industries:  
 The fashion industry uses this hybrid technique to obtain innovative 3D knit shapes (figure 

6). 

Figure 6. 3D knits obtained through a 3D printing technique [8] 
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 This technique is used in electronics to create circuits or sensors based on conductive 
filament (using filament melting) fused and deposited on the textile's surface.  

In this hybrid technique, the most important is the correlation between filament type, the plate's 
temperature and extruder head, and textile temperature resistance. In such a way can, be 
manufactured the tactile sensors using photopolymerization-based 3D printing (figure 7): 

Figure 7. Tactile sensors fabrication using 3D printing [9] 

• 3D printing techniques used in composite development are presented in figure 8.

Figure 8. 3D printing technologies [9] 

Composites-based polymeric matrix and micro/nanoparticles combined with textile 
support can be used to obtain textiles electrodes or tactile buttons integrated into textile. 
Very high importance in composites performance (mechanical properties) has the fiber-matrix 
interface. 

To improve the fiber-matrix interface are used surface coating, plasma treatment, and 
chemical modification. The surface coating includes electrodepositing, chemical vapor 
deposition (CVD), metalorganic deposition, and vacuum deposition. 
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Table 1. Classification – Processes used for composite development [10] 
Method Matrix State Polymer melting 

Thermosetting Thermoplastic Liquid Solid 
Hand lay-up x x NO 
Resin transform moulding (RTM) x x NO 
Autoclave moulding x x NO 
Compression molding x x NO 
Filament winding x x NO 
Resin infusion x x NO 
Resin pultrusion x x NO 
Injection moulding x x YES 
Thermoforming x x YES 

Hand lay-up is a simple manually molding process [10] for fabricating composites [10], 
consisting of applying the resin with a hand roller on the textile surfaces (woven, knitted, 
stitched, or bond fabrics) placed in the mold. The goal of the resin matrix is to reinforce the 
composite material. 

Resin transfer moulding (RTM) processes [11] reinforce the fabric into the mould as 
a dry stack of materials, pre-compacted to the meld contour in some cases, and held together by 
a binder. Mainly this process is used in the automotive and aerospace industry. 

The autoclave moulding process [12,13] is used to obtain moulded composite. The 
method consists of curing the composite parts at different high temperatures, pressure and time. 
Mainly this method is used for manufacturing composites for the automotive and aerospace 
industry.  

The compression moulding process [14-16] consists of thermosetting composites for 
rubber gaskets, handles, car tires, electrical components, automotive parts, and polymer matrix 
composite parts.  
In the compression moulding process [14-16], the polymer deposited in the mould cavity 
(liquid, pellets or powder) is heated and then placed into the lower half of the mould, and using 
a hydraulic system, the mould is closed, forming the piece shape in the mould cavity. After the 
polymerization, the raw material (polymers with contents of textiles components) is 
transformed into the closed mould’s solid object. Finally, the mould is opened and the piece 
part resulted is removed. A good example is car tire manufacturing using textile materials as 
reinforcements. 

The filament winding process [17] is an automated composite fabrication technique 
used to produce tubular structures such as storage tanks, vessels, missiles and rocket motor 
cases. 

Resin pultrusion [18] develops advanced composite materials in which fibres and resin 
are pulled through a heated die. 

The resin infusion process [19] is used to fill holes or gaps in porous material with 
liquid resin. Usually, this type of composite is used for aviation, yachts, train and truck body 
panels 

The injection moulding process is used to fabricate composite materials by injecting 
molten material into a mould, using metals, glasses, elastomers, confections, 
thermoplastic/thermosetting polymers, fibres as reinforcements. 

The thermoforming process [1] uses heat and pressure to transform flat sheet thermoplastics 
(unreinforced or reinforced) with fibre content into a desired three-dimensional shape. 
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5. CONCLUSIONS

In the framework of the Fostex Erasmus+ project was provided e-Learning courses 
about composite technical textiles development and investigation. The courses were very 
appreciated by the audience (Ph.D. and Master students) because can conduct to new 
challenging development of the textile for advanced multidisciplinary research and can generate 
new jobs and attractiveness to work in the new or upgraded research centers developed in 
Morocco and Jordan with financial support obtained through Fostex Erasmus+ project for 
purchasing new equipment. 
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Abstract: Traditional uses of clay as medicine started in prehistoric times (Aboriginal times). Natural clays have 
been used in ancient and modern medicine, but the mechanism that makes certain clays lethal to bacterial 
pathogens has not been yet identified. The aim of this paper is to identify the proper clays that could be used in 
textile industry for improving textiles` functionality, based on the information extracted from literature. It is 
important, to differentiate between the properties that make a clay ‘healing’, versus what makes it 
‘antibacterial’. So far, literature is abundant in reports regarding ‘healing’ clays, but, when tested against 
pathogens in vitro and compared to controls, they do not appear to have bactericidal properties. The studies 
carried out up to this point established that the physical adsorption of water and organic matter is the main 
feature which leads to healing properties of clays; however, the chemical interaction between clay and bacteria 
has received less attention. Clay properties, with potential application in medicine, have recently been started to 
be investigated and the results indicate that certain natural clays can have noticeable and extremely specific 
effects on microbial colonies. Further studies will be directed towards the characterization of the selected ‘clay-
textile’ pairs. 

Keywords: antibacterial agents, clay, review, textile industry 

1. INTRODUCTION

Modern textile industry has an increasing contribution in ensuring a safe 
environment, by developing and supplying multifunctional textile materials and products that 
are safe to use. 

Functional textiles have been developed since the late 1980s. The purpose of these 
textiles is to include a wide range of properties and to improve their performance [1]. In recent 
years, textile innovation has reached unsuspected levels. Thus, in a relatively short period of 
time, the textile industry had the most remarkable innovations. 

One of the most important historical events which marked the progress of textiles 
manufacturing was the invention of steam engine, in 1782. Until that moment, textile 
production was mainly in domestic system [2]. 

Natural fibres (cotton, wool, silk, etc.) are aesthetic and intensively used to fabricate 
textile products (clothing, upholstery, carpets, etc.). With the advent of chemical fibres (which 
are divided into artificial and synthetic fibres), at the end of the 19th century - beginning of 
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the 20th century, the availability of materials / textiles with new characteristics and 
performances also provided superior technical properties. This gave rise to a starting point of 
replacing the natural fibres with chemical fibres, based on their similarities.  

Multifunctional clothing products, by definition, are designed to meet the 
performance requirements of the users in extreme conditions, such as protective equipment for 
people exposed to hazardous environments, medical products or sportswear that facilitates 
movement and balance of the body, increasing endurance or reducing fatigue during sports 
activity [3]. 

Traditionally, textiles can be functionalized by printing processes, filming, etc. Other 
methods involve the incorporation of chemicals into textile finishing. The innovative 
techniques use specialized chemicals or new alternative media, such as microencapsulation 
(for example, by using cyclodextrins). Also, the emergence of nanotechnologies came along 
with a wide range of new possibilities regarding textile functionalization [3]. 

Textiles finishing with antimicrobial agents has been recently under intense 
investigation, leading to a development of the technologies and methods used. Of course, all 
these treatments also highlight the need to assess and ensure their ecological character [4]. 

The compounds evaluated and reported for their antimicrobial properties belong to 
various classes of substances, such as: gentamicin [5], antibiotics, salts, and esters of alkyl 
compounds with tin, alcohols, aldehydes, thiophenols, alkylphenols, thiocarbamate 
compounds, certain inorganic salts of heavy metals, imines and imides, certain organic 
structures, zeolites [6] and different types of gases [7-9]. 

As natural compounds present less side effects compared to synthetic 
pharmaceuticals, they are an attractive alternative for textiles finishing, from human health 
and ecological considerations [10]. 

It is known that clays can be found in large amounts, and they are relatively 
inexpensive. Clay is generally known as an earthy material that is flexible when moist and 
firm when dried, and it consists mainly of fine particles of silicates and other minerals [11]. 
Studies regarding clays as fine-grained rocks or soil components are essential for 
understanding the global biological and environmental processes. Clays were also used as a 
scientifically unsupported chelation treatment for heart disease and autism [12]. 

A wide variety of clays are used today for medicinal purposes - mainly for external 
applications (mud therapy). Among clays, the most used are kaolin clays and smectites, such 
as bentonite, montmorillonite, and Fuller's earth [13]. 

2. CLAYS – CLASSIFICATION AND SHORT HISTORY

In clays formation, the solvents, usually acidic, erode the rock after leaching through 
upper weathered layers. Apart from the weathering process, some clay minerals are formed 
through hydrothermal activity. There are two types of clay deposits: primary and secondary. 
Primary clays are residual deposits in soil and remain at the site of formation. Secondary clays 
are the clays that have been transported from the original location by water erosion and 
deposited in a new sedimentary deposit. Clay deposits are typically similar with extremely 
low energy depositional environments such as large lakes or marine basins [14].  

Medicinal clays have been used in folk medicine from prehistoric times. Nowadays, 
clay is used by aboriginal people all over the world. The first recorded use of medicinal clay 
goes back to ancient Mesopotamia. 

The Ebers Papyrus (an important medical text from ancient Egypt) describes the use 
of ochre (an earthy pigment containing ferric oxide, typically with clay, varying from light 
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yellow to brown or red) for a large range of health issues, including intestinal problems, as 
well as various eye problems [15]. 

The Lemnian Earth is a type of clay used to treat many health conditions in Classical 
Antiquity, (for example, as treatment for poisoning). It was mined on the island of Lemnos 
(the deposits may have been extinguished by then). It was used until the 19th century, as it 
was still listed in the pharmacopoeia from 1848. Lemnian clay is a red earth shaped into 
tablets with distinctive seals stamped on them, thus the name 'sealed earth' (terra sigillata-
latin) [16]. The French naturalist Pierre Belon (1517–1564) was interested in investigating the 
mystery of the Lemnian clay. In 1543, he visited Constantinople and he encountered 18 types 
of different products marketed as Lemnian Earth. In the late 1540s Pierre Belon visited the 
island to investigate the clay and described it in his notes as Terra Lemnia. Then, He made a 
special journey to Lemnos, where he continued his investigation, and tried to find the source 
of the clay. He discovered that it was extracted only once a year (on 6 August) under the 
supervision of Christian monks and Turkish officials [17]. 

Soranus of Ephesus (100-140 AD) a Roman obstetrician, gynecologist and 
pediatrician also used to write prescriptions of clays as healing treatments [18]. 

Ibn al-Baitar, a Muslim scholar, born in Malaga, Spain, at the end of the 12th century, 
was the author of a famous pharmacology work – “Encyclopedia of the History of Arabic 
Science” about eight types of medicinal earth [19]. 

Furthermore, the effects of imponderability on human body were studied by NASA in 
the 1960s. Experiments demonstrated that imponderability leads to rapid bone depletion, so 
various remedies were explored in order to counter that. Many pharmaceutical companies 
tried to develop calcium supplements, but none of them were as effective as the ones with 
clay. The special clay that was used in this case was Terramin, reddish clay found in 
California. Benjamin Ershoff from the California Polytechnic Institute demonstrated that the 
ingestion of clay counters the effects of imponderability, pointing out that no important 
changes were made when calcium alone was added to the diet [20].  

Depending on the academic source, clays are divided into four main categories: 
kaolinite, montmorillonite-smectite, illite, and chlorite. Chlorites are also considered to be 
part of a separate group, within the phyllosilicates. There are approximately 30 different types 
of "pure" clays in these categories, but most natural clay deposits are mixtures of these 
different types, along with other weathered minerals. Varve (or varved clay) is clay a with 
visible annual layers, which are formed by seasonal deposition of those layers and are marked 
by differences in erosion and organic content. This type of deposit is common at the glacial 
lakes’ formations. Quick clay is a unique type of marine clay indigenous to the glaciated lands 
of Norway, Canada, Northern Ireland, and Sweden. It is a highly sensitive clay, prone to 
liquefaction, which has been involved in several landslides [21]. 

There are different ways of clay manufacturing. These includes heating or even 
baking the clay. However, too much processing, may reduce the clay's curative potential [22]. 
Medicinal clay can usually be found in health food shops as dry powders, or in jars as a liquid 
(hydrated state) which is normally used for internal use. For external use, the clay may be 
added to the bath, or prepared as poultices in order to be applied to specific parts of the body. 
Warm packs are prepared to help the interaction of clay with the body, as the heat opens the 
pores of the skin. In the European health spas, the clay is prepared so that it can be used in a 
multitude of ways, but usually it is mixed with peat and matured in special pools for a few 
months or even up to two years [23]. 

Many types of skin conditions have been treated by applying the clay directly on the 
skin. Montmorillonite has shown its effectiveness in this area. Clay is used in many 
dermatological health problems, such as acne [25]. There are also many commercial remedies 
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intended for internal use, for examples Kaopectate®, Rheaban®, and Diar-Aid®. The labels 
on all of these showed that the active ingredient was Attapulgite, each tablet containing 600 to 
750 mg of this component along with other adjuvants [26]. However, since April 2003, 
attapulgite medication was discontinued due to lack of evidence, according to the U.S. Foods 
and Drugs Administration [27]. Numerous medicines also use Kaolinite clay, which has been 
for long time a traditional remedy to heal an upset stomach. Also, Kaolin has been used to 
treat diarrhea and cholera around the start of the 20th century [28]. 

Compounds such as kaolin and attapulgite were formerly considered diarrheic 
medication, until studies in this direction were rejected by the U.S. Food and Drug 
Administration (USFDA) [27]. 

3. DIFFERENT TYPES OF CLAYS AND THEIR INFLUENCE ON TEXTILE
FABRIC INDUSTRY 

Over time, different studies have been carried out in order to highlight clays 
properties on textile fabrics. Mostly, the research was in the area of dyed water 
decontamination. Dye removal from polluted water was carried out by various methods such 
as biological treatment, coagulation/flocculation, ozone treatment, chemical oxidation and 
photocatalytic processes, membrane processes, and adsorption. The adsorption is the most 
used method because of its easy handling and because it allows the removal of pollutants even 
from solutions with low pollutant concentration. Adsorption is a very used method, as 
researchers are continuously intending to use or discover innovative adsorbent materials that 
are efficient and less expensive. For example, Nejib Abidi and his team studied the removal of 
anionic dye (RR 120 – red dye) from textile industries' effluents by using as adsorbents 
Tunisian clays from Tabarka (a mixture of kaolinite and illite) and from Fouchana (a mixture 
of smectite, kaolinite, and illite). The overall data indicate the porosity, the surface area, and 
the cationic exchange capacity of the clay are not the key points, but the clay nature is the 
dominant factor controlling the efficiency of the dye removal from water [29]. 

Clays have a high adsorption capacity due to their lamellar structure which offers 
them high specific surface areas, which may even exceed that of activated carbon under the 
same conditions of temperature and pH. Considering the aspects above, and the fact that 
activated carbon is known to be an effective but expensive adsorbent due to its high costs of 
manufacturing and regeneration, R. Elmoubarki and his team studied the adsorption of textile 
dyes on raw and decanted Moroccan clays. The raw clays used in their work were collected 
from Safi and Berrechid regions in Morocco. Their study shows that Moroccan natural clays 
can successfully remove dyes from aqueous solutions. Therefore, the use of Moroccan natural 
clays presents a great potential for the removal of textile dyes from contaminated waters, as 
no costly equipment is needed [30].  

In the review published by Abida Kausar and her team about dyes adsorption using 
clay and modified clay, they concluded that modified clays offer more efficiency. Different 
techniques were used in order to characterize the clays before and after the adsorption of dyes, 
however, most of the studies lack information about the complete characterization of clays 
used as an adsorbent, which needs to be investigated in future studies [31, 32]. 

Nanostructured coating on textiles is a novel way to impart various functional 
properties such as gas barrier, antibacterial, abrasion resistance, UV resistance, flame 
retardant and super hydrophobic. Nanomaterials such as layered silicate clays, carbon 
nanofiber/nanotubes, nano silica, nano TiO2 have been incorporated in the base polymeric 
coating to enhance the performance of coated textiles to achieve these properties on fabrics 
[33]. 
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Considerable research is being focused on the physical and mechanical properties of 
various polymers through mixing them with inorganic nanoparticles and nano clays to 
produce the layered clay-incorporated polymer composites by sol-gel processing, in situ 
polymerization and melt compounding [34-37].  

The functionalization of silica and cotton surface helps to create strong bond between 
the fibre and particles. Thus, produced nano roughening on fibre surface is very robust and 
durable [38]. Besides the water repellent lotus effect, nano silica can also be used to develop 
wrinkle free silk [39], to reduce the friction and wear of nylon-6 [40] and polyurethane 
coating [41] and to increase the flame resistance property of textiles [42]. 

In Patent 5968203/ 1999, Harold M. Brown registered an invention relates to a 
composition for treating synthetic textile material and a method of using it. The composition 
comprises a smectite clay to scour the textile material, a wetting agent to enhance addition of 
the clay to other components of the composition, a sequestrant to sequester metal ions that 
inhibit the performance of the clay, and, when the composition is an aqueous slurry, a 
viscosity control agent to adjust the viscosity of the composition to prevent separating or 
settling of the clay [43]. 

5. CONCLUSIONS

These nanocomposites are often claimed to exhibit improved properties such as 
modulus, strength, stiffness, flame retardancy, dimensional stability, electrical conductivity, 
barrier performance, solvent and heat resistance, wettability and dyeability depending on the 
type and contents of clay mineral used [44]. 

The studies conducted so far are insufficient, because clays have a wide range of 
healing properties and there are also many ways to use them. Kaolin is one of the most 
promising clays, in terms of its healing properties, and is mainly used for external use. 
However, many laboratory tests are required to determine the best "textile-clay" pairs. Future 
studies will be carried out to characterize clay-treated textiles, as this area has recently begun 
to be developed.  
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Abstract: This work presents the general aspects concerning the accessibility and usability of the learning 
tools existent for smart materials development using eco-design in the context of the circular economy. These 
learning tools will be used in part and some of them developed in the framework of the Erasmus+ project 
DigiTEX and will cover also the aspects of digital learning technologies capable to accelerate innovation in 
the field of healthcare and protective systems based on electroconductive materials. In DigiTEX Erasmus+ 
project will be developed solution-based software technologies, database development and creative methods 
for coaching the innovative ideas from design, development and production management in the context of 
circular economy and sustainable development with reduced environmental impact. This paper is structured in 
5 sections such as introduction, smart materials overview, eco-design for smart materials, circular economy 
approach and conclusions. 
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1. INTRODUCTION

The market of smart materials was dominated by North America in the field of the 
aerospace & defence industry having a research budget allocated of USD 589 billion in 
2017. Europe has the second position in the market due to the researches obtained in the 
developed countries such as Germany, the Netherlands and France using funds for research 
in the field of smart materials from research agencies from Germany, France and the 
Netherlands (figure 1). However, the global smart materials market is expected to reach 
121.90 Bn by 2027 [1].  

 Unfortunately, the list of countries with substantial research results in the field of 
smart materials is limited to only 3 countries (Germany, the Netherlands and France) due to 
the lack of funding and expertise in designing systems based on smart materials and this 
generated barriers in the market. However, research and innovation strategies supported by 
the government and universities could accelerate the development of smart materials and the 
technological transfer to the industry [1]. 

 The preferences for automated products and non-conventional energy sources 
increased the interest in developing research and product based on piezoelectric devices. In 
addition, can be observed an increased interest of the aerospace engineering sector in using 
smart systems implementation in aeronautical engineering and astronautical engineering. 
Also, in the defence industry exist an interest in using advanced smart materials to equip 
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their defines sectors [1]. 

Figure 1. Global market segmentation in the field of smart materials [1] 

  This paper is structured in the introduction, smart materials overview section, eco-
design, circular economy for smart materials with electroconductive properties and 
conclusion sections. 

2. SMART MATERIALS OVERVIEW

Smart materials are advanced materials having one or more properties that can be 
modified by external stimuli, such as stress, moisture, electric or magnetic fields, light, 
temperature, pH, or chemical compounds. Especially smart materials are used for sensors 
and actuators consumer goods such as electronics, automotive, medical, aerospace and 
defence systems. Concerning the end-user consumer of smart materials, this segment is 
focused mainly on young or older adults.  

The development of materials such as polymers, metal, and smart glass, generated 
new opportunities for various industries such as automotive, consumer electronics, and 
healthcare to integrate smart materials in classical or new devices. 

The smart materials market is segmented by product such as [1]: 
- piezoelectric (52%) for consumer goods, aerospace, defines, automotive, healthcare, 
information, communication, and manufacturing industries; 
- shape memory alloys (19%) for medical applications including surgical devices, prosthetic 
devices, and stents; 
- electro strictive smart materials.  

The smart materials market is dominated in the field of application by actuators used 
as components of the machine that respond to change in the mechanical properties (viscosity 
or dimensional change) or as an amplifier that converts low energy into high energy signals, 
in sectors such as automotive, aerospace, defence and consumer goods. 

The smart materials are advanced materials such as shape memory alloys, 
piezoelectric, electro strictive, magneto strictive and electrochromic materials. Generally, 
smart materials are used for sensors, actuators, structural materials and coatings. 
The principal end-users of smart materials can be stakeholders from industrial, defence and 
aerospace, automotive, electronics, healthcare, civil engineering and retail. 

 The advanced materials used for actuators should exhibit an adaptive response to the 
different stimuli (mechanical, electrical, magnetic, pH, light, traction), the potential to 
change the physical properties (shape, stiffness, and viscosity) specifically and to have 
functionalities such as self-adaptability, self-sensing, self-healing, and memory enabling 
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their usage in numerous soft or hard robotics applications.  
 On the other hand, smart materials represent the foundation for smart textiles 

development. Moreover, according to standard ISO/TR 23383:2020 (Textiles and textile 
products — Smart (Intelligent) textiles— Definitions, categorization, applications and 
standardization needs), the smart (intelligent) textile products include chromic textile, phase 
change textile, Textile products with active ingredients inside the microcapsules, shape 
memory textile, super-absorbing polymers and gels, auxetic textile, dilating and shear-
thickening textile, Piezoelectric textile, electroluminescent textile, thermo-electric textile, 
photovoltaic textile, electrolytic textile and capacitive textile products. 

 The existent software intended to be used for e-Learning courses are: 
- Galileo for virtual testing, smart material design for the analysis, design and optimization 
of smart materials;  
- Comsol Multiphysics; 
- Matlab; 
- software for smart materials simulation for 3D and 4D printing; 
- software for rapid prototyping with 3D printing. 

3. ECO DESIGN FOR SMART MATERIALS

The Eco-design involves a design with reduced environmental impact and avoiding 
the inputs considered with a high degree of toxicity. 

The toxicity of inputs can be determined by consulting the guidelines such as the EU 
REACH Regulation [2], EU RoHS Directive [3], SIN List from the International Chemical 
Secretariat [4], and Banned Lists of Chemicals Cradle to Cradle Certified Product Standard 
[5]. However, lead, cadmium, polytetrafluoroethylene (PTFE), and polycyclic aromatic 
hydrocarbons (PAHs) are banned for use in materials where exposure to humans or the 
environment is highly likely to occur [5]. For example, the coatings, and finishes based on 
previously mentioned chemicals, that are used on the surface of products such as e-textiles, 
toys or other children’s products and jewellery [5] are banned. However, there are concerns 
in the utilization of the oxides for the development of the actuators/sensors and generally for 
electronics components. In addition, the recommendation is to use mainly compounds such 
as barium titanate (BT), potassium bismuth titanate (KBT), sodium potassium niobate 
(KNN), and bismuth ferrite (BFO). In this way, according to the EU Directive on the 
Restriction of Hazardous Substances (RoHS), some oxides are restricted in the production 
process, because of environmental toxicity. 

Eco-design in comparison with the classical design of the product integrates also the 
environmental performance assuming the responsibility of protecting the environment [6,7]. 
According to the Eco Design Directive, the eco-design goal is to optimize the environmental 
performance of products, while maintaining their functional qualities [8].  

4. CIRCULAR ECONOMY CONTEXT

 According to the European Circular Economy Plan [9], 80% of the product's 
environmental impact occurs at the design phase.  

 The circular economy is a model where products, components, energy and materials 
re-enter in manufacturing process involving waste minimization, product re-design through 
LCA approaches, and the use of bioresources [10].  

 Circular economy principles include: 
- use of green technologies and use responsible the natural resources; 

330



- maximize the utilization rate of the products; 
- use, recycle the products and re-enter in the production as raw material (re-use, repair, 
remanufacturing and refurbishing) 
- minimize the negative environmental impact such as water or air pollution, soil 
degradation, release chemicals and toxins; 

 Mainly, we can measure how well a product or company performs in the context of a 
circular economy using the materials circularity indicators (MCI), in the context of 
transition from linear to the circular economy. Several approaches already exist and allow 
the calculation of the materials circularity indicator [11-14]. In figure 2 is presented the 
calculation of the MCI in the case of the composite with a sensor integrated. However, the 
recovery of the small pieces of electronics or particles from materials printed with 
conductive or matrix polymers based on ferrous or nonferrous metals is very difficult and 
challenging. If all parts involved are reused than the MCI is 0.72 (figure 2), if all component 
is recycled than the MCI is lower 0.67 and if are used for energy recovery than the MCI is 
0.64. Another tool for MCI calculation is presented in figure 3, but the disadvantages are 
that cannot be selected materials and the user must have sufficient information about 
materials production, transport, assembly, recycled materials, final product manufacturing, 
remanufacturing, refurbishing, maintenance and used products disposal.  

 Material Circularity Indicator is integrated within conventional LCA models [15,16]. 
Implementation of the circular economy has an impact on greenhouse gases (GHG) 
emissions, and this should lead to the reduction of GHG emissions. 

Figure 2. MCI calculation if all materials are reused 

331



Figure 3. MCI calculation (©2016-2021 IDEAL&CO Explore BV) 

Mainly, the electronics waste (e-waste) contains numerous toxic and hazardous 
chemicals (palladium, copper, iron, aluminium, fossil fuels, titanium, gold, and silver) that 
are released into the environment if are not dispose of adequately [17-19]. The e-waste 
collection rate is a report between the total e-waste recycled and total e-waste generated, 
equation 1. Approximately 80% of e-waste electronics end up in landfills and just 20% of e-
waste is recycled [20-23]. 

     𝐸𝐸 − 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑐𝑐𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒−𝑤𝑤𝑡𝑡𝑤𝑤𝑡𝑡𝑒𝑒 𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑒𝑒𝑑𝑑
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑒𝑒−𝑤𝑤𝑡𝑡𝑤𝑤𝑡𝑡𝑒𝑒 𝑔𝑔𝑒𝑒𝑔𝑔𝑒𝑒𝑟𝑟𝑡𝑡𝑡𝑡𝑒𝑒𝑑𝑑

𝑥𝑥100 (1) 

5. CONCLUSIONS

We can conclude that taking into account the eco-design and circular economy 
requirements is necessary to develop smart materials using the existing software for 
materials development and simulation. In addition, the smart material should provide good 
environmental performance, to reduce energy consumption, toxicity and increase the 
potential of recycling, reuse, or remanufacturing the new products using recycled 
components. However, this approach is very difficult to be achieved considering that some 
conductive parts are coated on textile surfaces and are not distinct elements attached to the 
textiles.  
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Abstract: Adolescence is a period of transition from childhood to adulthood, defined by major changes in 
physical, behavioural and social plan. The interest of teenagers for computer technology is in a perpetual 
growing and shopping online is one of their favourite activities. The garment industry is extremely competitive 
in terms of virtual simulation, consisting of 3D virtual bodies, virtual garments and virtual try-on systems. 
The paper presents the advanced method of designing 2D patterns, started from the 3D surfaces, obtained by 
real scanning of several teenager bodies. The development of a jacket model for girls, by using Optitex 
software with its high-performance modules 3D Flattening, 3D Simulations and PDS, based on the 
anthropometric standard for children, SR 13546: 2012, will be presented. These modules enable the designer 
to preview the shape of the product and its fitting to the body dimensions, which offer the possibility of 
developing to an infinite number of clothing collections just by changing the characteristics of the material, 
various seams, accessories or colours. 

Keywords: anthropometric standard, basic pattern, 3D flattening, jacket for girls, 3D simulation 

1. INTRODUCTION

Currently, most teenagers are users of computer technology. Online shop become 
more and more used by them, especially since they are also very interested in their physical 
appearance. From this point of view, the aim of the garment companies is to attract them as 
customers. In order to comply with customer preferences, the garment producers take into 
account two important aspects: the design and the fit. To achieve these two components, a 
complex process of product development is required, but even so, the results of the sales 
volume remain uncertain. A successful alternative in presenting the design of the clothing 
product, as well as evaluating the fit of the selected item, is the development of this process 
as a virtual one. The advanced systems for 3D design and body measurement, open a new 
door for researchers and specialists to provide a better comfort and fit and even to gain a 
new level of customization, especially in the field of garments [1,2]. 

The processing of patterns for garments can be obtained by various methods, generally 
classic geometric design, which is the basis for designing patterns in different specialized 
software. Currently, a garment can be developed using existing high-performance tools such 
as: garment design software, 3D scanning for anthropometric data collection and 2D/3D 
simulation, modelling and fitting software [3]. The final product ready for launch in 
production goes through a complex process of design, sampling, and validation, meticulous 
steps that are time, energy and material resources consuming. By using the pattern 
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processing method with 3D Flattening module from Optitex PDS design software and 3D 
simulation, the resources consumption is considerably reduced and the final quality is 
superior. Applying the specific functions of the module, the surface of the 3D object is 
converted in a 2D surface, respectively the human body on which the contour of the desired 
product is drawn. The result is a very accurate pattern – human body correspondence. The 
patterns are actually obtained from the unfolded surface of the body. Another advantage of 
this processing method is the direct visualization on the body model of the sewing lines 
between the product components, the shape of the product and the desired length. Surfaces 
are displayed in the PDS pattern processing window. These are the result of drawing the 
contour lines between anthropometric points necessary for the pattern, using the geometric 
method. The contour can be resized by modifying the main segments with a specific 
constructive addition, according to the product type, material type and product destination. 
Depending on the positioning on the body, garments are divided in two main categories: 
products with shoulder support (shirt, blouse, shirt and jacket) and products with waist 
support (tights, pants and skirt). The proposed method can be applied for obtaining basic 
patterns for both categories. 

2. GENERAL DATA AND STEPS OF THE PROPOSED METHOD

The most important biological changes of the human body begin during adolescence. 
Thus, to girls who have reached the age of 14, the breast continues to develop and the hips 
get wider. To boys, the features of maturity appear 1 year later, around age 15. During this 
period, the waist is clearly pronounced for both, boys and girls. The proportions of 
adolescents’ bodies are close to those of adults [4]. Product development for the 14- to 18-
year-old age group, especially girls, is a difficult process due to these continuous body 
changes, very difficult to standardize. The anthropometric standard for children, SR 13546: 
2012 – Clothing. Body dimensions for children between 6 and 19 years old [5], elaborated 
by INCDTP (table 1), provides a solid anthropometric database for garments development. 

Table 1. The main standardized anthropometric dimensions for girls [5] 
Girls age groups Body height (cm) Bust circumference (cm) Hip circumference (cm) 

14-15 years 
152 85 91 
158 87 93 
164 89 95 
170 92 98 

16-18 years 
152 88 93 
158 89 95 
164 91 97 
170 92 99 

Based on the information regarding lengths, dimensions, circumferences, 
conformations, the virtual mannequin is generated according to the type and dimensions 
from the corresponding age category. For girls, compared to the boys, due to the appearance 
of the breasts, additional anthropometric dimensions are needed to characterize this area. 

The method consists in processing the flattened surfaces of a 3D product. 
The first step to obtain the basic patterns for teenager’s garments is to parameterize 

the virtual mannequin, by setting the values of different anthropometric dimensions (i.e., 
lengths and circumferences) in the "Model properties" window (figure 1). 
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    a                                            b 
Figure 1. Application of standardized anthropometric dimensions for: 

a - lengths; b - circumferences 

By changing the anthropometric dimensions parameters in the „Model properties” 
window, the mannequin can be shaped in different sizes and conformations, which leads to 
the elimination of the pattern grading operation (figure 2) [6,7]. 

Figure 2. Marking in the waist area for two mannequins of different sizes 

The process of obtaining 2D patterns from the 3D surface consists of the following 
steps (figure 3): 

• creating standardized mannequins;
• placing the marking points on the virtual body using the “Draw Path” function;
• drawing the corresponding contour;
• extracting the resulted surface using the “Build Patch” function;
• checking and processing the contour of 2D surfaces;
• obtaining the desired pattern by adding constructive additions.
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Figure 3. Steps for obtaining 2D patterns from the 3D surface 

In parallel with the process of obtaining the patterns, the product is simulated on the 
virtual mannequin, thus having a real image of it. A virtual collection can be developed by 
changing materials and accessories directly in the software (figure 4). 

Figure 4. Simulated garment on virtual mannequin 

3. PROCESSING THE BASIC PATTERNS OF GIRLS JACKET

The jacket for teenagers can be the first or second layer on the body. The jacket for 
girls is designated for school activities or social events. The silhouette of the product is 
semi-adjusted, the basic pattern is composed of two front parts, two front side parts, two 
back parts, two back side parts and two sleeves formed by front and back parts. The bottom 
edge of the jacket corresponds to the hip line, and the bottom edge of the sleeves with the 
wrist line. In order to obtain the flattened surfaces, the marks corresponding to the main 
anthropometric points have to follow the below body parts, placed on the mannequin (figure 
5): 

• for the front: the circumference of the base of the neck, the cut of the sleeve, the
waist, the hip and the nipple; 

• for the back: the circumference of the base of the neck, the cut of the sleeve, the
waist, the hip and the prominence of the shoulder blade. 

337



.
Figure 5. Placing contour points 

The placed points are joined together by contour lines and the body surface become 
flattened with “Build patch” function support (figure 6). 

Figure .6 Flattening operation of 3D surfaces 

Successively, contoured surfaces can be developed for all types of age groups for 
adolescents. 

4. 3D SIMULATION AND VIRTUAL MODELLING OF THE JACKET

3D simulation and virtual modelling of a garment has the purpose to check the 
product - body correspondence and correct any technical issue. To obtain an image as close 
as possible to the reality of the garment, the 3D simulation and modelling is applied directly 
on the parameterized body, using the standard anthropometric values and the properties and 
appearance of the materials. Compared with the classic development of a product, this 
method saves the time and related costs of stages like model execution, prototyping and zero 
series execution. 

The following steps are necessary to elaborate the basic patterns, using the 3D 
Optitex software parameterized mannequins: 

• Step 1. Applying assembly directions between pattern parts: the sewing lines are
defined with the help of the “Stitch” function. 

• Step 2. Placing the patterns on the parameterized mannequin: the patterns must
be replaced from the PDS work area to the 3D work area of the PDS program, by using 
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"Place cloth" button, which requires first to synchronize the patterns with the mannequin's 
position (figure 7). 

Figure 7. Applying assembly directions between pattern parts 

• Step 3. Processing the simulation stage: Once the way of assembling the parts is
correctly implemented, the simulation stage can start. The duration of the simulation process 
varies depending on the number of marks placed in the 3D simulation window, the 
complexity of the simulated model and the number of stitches (figure 8). 

Figure 8. 3D simulation of the jacket 

• Step 4. Checking the body-product correspondence: one of the multiple options
offered by Optitex PDS, is to check the correctness correspondence between the body and 
the designed product, by using the “Tension map”, which indicates essential aspects 
regarding the necessary distance between the body and the product and the degree of 
comfort. 3 different colours are displayed on the virtual mannequin, as so (figure 9): 

− Red: indicates an increased pressure of the product on the body; 
− Green: a comfortable pressure (comfort zone); 
− Blue: lack of the tension of the product on the body. 
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Figure 9. Visualization of the tension maps 

• Step 5. Modifying patterns in non-conformities areas: in the Optitex PDS
software, the patterns can be modified by moving the main points or correcting the contour. 
These changes are made simultaneously on the simulated product. 

• Step 6. Repeating steps starting with step 3, after changing the patterns.
This method can be easily applied in the same sequence for any type of product. In 

our study, the basic patterns for the jacket product were obtained for the type dimensions 
152, 158, 164, 170 for the two age groups, 14-15 years and 16-18 years (figure 10). 

Figure 10. Basic patterns by type dimensions and age groups 

5. CONCLUSIONS

The paper presents the method of pattern processing for girls jacket having as 
information the anthropometric data and the necessary knowledge for the garments design, 
from 3D body surfaces by using the Optitex Flattening module. This advanced method can 
be applied to all types of products and categories of people. The process of obtaining basic 
patterns by this method has the following features and advantages: 

• the use of specific anthropometric dimensions, depending on the category
destination and type of the product;

• developing algorithms for basic patterns;
• fitting the product on the parameterized virtual mannequin;
• visualizing the sewing lines for the product, its shape directly on the virtual

body and correcting any non-conformities, through the “tension map” that
express the distance between the body and the product in different areas;

• development of very precise patterns in a short time;
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• creating virtual collections using various fabrics, accessories and colours.
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Abstract: Textile materials are often subjected to different stresses, acting on them in two phases: during the 
knitting phase, when the yarns and the obtained structure are subjected to cyclic stress, but also during the use 
phase, when the knitted structures are subjected to various stresses. The dynamic behaviour of knitted fabrics 
in a vibrating environment is usually evaluated by standardized methods, such as the method using vibration 
exciters (e.g., ISO 10819:2013). However, in recent years, the authors' collective has carried out research to 
characterize the behaviour of knitted structures in a vibrating environment, using a well-known method for 
generating vibrations by impact excitation, which is specific to the mechanical field but also has a high 
potential for application in the textile field. This method refers to the determination of the free vibrations of an 
elastic system. Its measurement in the design phase of the system is considered a crucial step, since by 
knowing the frequency range of the system, the resonance phenomenon in the operational phase can be 
avoided. Similar results obtained by applying standardized methods for measuring vibration transmissibility 
and the currently adapted method from the field of mechanics to the field of textiles, represent a validation for 
this type of investigation process and also show the high potential of knitwear to be used in the vibration 
environment. 

Keywords: free vibrations, knitted structures, dynamic excitation, structural parameters 

1. INTRODUCTION

Although exposure to vibration can have very different causes, a major source of 
exposure is the use of work equipment that emits transmitted vibrations to the hand-arm 
system (HAV) or the whole body (WBV). 

Depending on the characteristic parameters of the transmitted vibrations, such as 
frequency and amplitude, but also on secondary factors, such as the duration of exposure or 
the ambient temperature, vibration exposure can cause clinical manifestations that endanger 
the health of the worker, such as kinetosis, dizziness, vomiting or even inflammation of the 
tendons and muscles, leading in rare cases to joint swelling, reduced mobility and gangrene 
of the fingers. 

Any workplace where workers are exposed to vibration must implement a very strict 
policy to prevent and reduce the risks of exposure to HAV and WBV. Personal protective 
equipment (PPE) is the final barrier between the exposed person and the risk and is the 
ultimate solution to protect against risks at the workplace. 

To provide the highest level of protection against vibration, PPE must be able to 
absorb energy efficiently and maintain an optimal level of rigidity to avoid crushing it, in 
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the event of an impact. It must also be of an acceptable thickness to allow handling of 
vibrating instruments without compromising dexterity and sense of touch [1]. 

2. MANUFACTURING METHODS OF SPACER KNITTED FABRICS

Spacer fabrics are one of the most widely used materials for engineering applications 
and the most widely used option for the manufacture of anti-vibration materials. Spacer 
fabrics (sandwiches) are complex three-dimensional constructions created by knitting two 
separate layers, joined by yarn segments or other knitted layers, in different bond ratios. 

3D fabrics have great potential to replace commonly used materials as protective 
layers in PPE construction due to their high flexibility, good pressure recovery, and high 
tensile, flexural, and impact strength. Compared to most of the materials used, such as 
polyurethane, foam or rubber, they are more environmentally friendly, not easily flammable, 
have superior thermal comfort properties and also a low mass to volume ratio. 

The structure of the outer layers, as well as the way in which the layers are bonded 
and the distance between them, offer a variety of possibilities for designing spacer fabrics 
with different physical-mechanical properties. Structures with outer layers made of the same 
raw material as well as structures with layers made of different raw materials can be 
produced [2]. 

Spacer knitted fabrics produced on warp knitting machines can be rigid or elastic 
structures, with open or closed stitches, this technology being by far the most inventive 
system for obtaining textiles. Double needle bar raschel knitting machines have the ability to 
produce the two outer layers on the front and back needle bars simultaneously with the 
process of feeding the binding yarns on these two needle bars to achieve the joining of the 
outer layers [3]. The 3D fabrics produced in this way are characterized by a very large 
volume with relatively low mass and offer high air permeability. The thickness of the fabrics 
ranges from 1.5 to 10 mm, depending on the spacing of the needle bars, and can be up to 60 
mm for special applications. 

Spacer knits made on weft machines can be made on both, flat knitting machines 
equipped with two needle bars and circular machines equipped with a cylinder and disc. 
While spacer fabrics joined by binding threads can be produced on both, warp and weft 
knitting machines, spacer fabrics joined by layers can only be produced on weft knitting 
machines, the basic principle being similar to that of sandwich structures joined by binding 
threads. The knitting of the two outer layers begins independently on the two needle bars 
and at a certain point in time this process stops and the knitting of the connecting layers 
starts. After the knitting of the connecting layer is completed, the knitting of the independent 
outer layers starts again. 

3. EVALUATION OF THE SPACER KNITTED MATERIALS

3.1. Knitted materials 
The dynamic behaviour of different variants of knitted structures produced by 

specific technologies for warp and weft spacer fabrics was analysed under the influence of 
vibrations. A wide range of raw materials was used, such as cotton, polyamide, polyester, 
polypropylene and polyacrylonitrile. 

The raw materials from which the spacer fabrics with the best anti-vibration 
properties were obtained are polyamide and polyester with the below characteristics, 
according to the specific manufacturing process, as follows: 
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Spacer warp knits: 
• for the outer layers: Polyester multifilament, in the fineness range 44-2500 dtex,

with a number of filaments between 2 and 144 or polyamide multifilament, in
the fineness range 44-167 dtex, with a number of filaments between 3 and 24;

• for the connecting yarns: Polyester monofilament, in the fineness range 33-680
dtex or polyamide monofilament, in the fineness range 22-33 dtex.

• the samples subjected to be evaluated, are represented in figure 1.

Fig. 1. Variants of spacer warp knitted structures [4] 

Spacer weft knits: 
• for the outer layers: Polyester/Elastan multifilament yarns, in different fineness

range;
• for the connecting yarns: Polyester monofilament, in diameter range 0.13 mm -

0.3 mm;
• the needles sections of proposed knitted structures to be evaluated, are

represented in figure 2.

Fig. 2. Variants of spacer weft knitted structures 

3.2. Testing method 
PPE, such as anti-vibration gloves, must be marked with the symbol CE indicating 

that they have been tested and meet the requirements of the standard SR EN ISO 10819: 
2013 - Mechanical vibration and shock - Hand-arm vibration - Measurement and evaluation 
of vibration transmissibility of gloves at the palm. The standard uses the method of vibration 
generation by excitation using a system equipped with a special handle to measure the 
clamping force and a device to measure the supply force of the system. A major 
disadvantage of this standard is that the measurement is only carried out in the area of the 
palm in the direction of the forearm. 

The method proposed by the authors is based on the generation of vibrations by 
shock excitation to determine the natural frequencies of an elastic system, which plays a 
crucial role in avoiding, from the design stage, the possibility of resonance during use. This 
method is specific to the mechanical field and for its application it is necessary to use a 
specially designed test apparatus and carry out the following steps: 

The application of the method refers to the excitation process of the elastic system, 
which consists of a metallic mass fixed to the knitted structure, to which an accelerometer is 
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attached. A piezoelectric impact hammer is used as the exciter. The vibrations are exerted 
and measured in three directions: transverse, longitudinal and vertical. 

Data analysis is performed by characterizing the movements of the metal mass 
attached to the knitted fabric. The signal is processed by a data acquisition system, and the 
Fast Fourier Transform (FTT) decomposes the signal and allows the frequency spectrum of 
a data sequence to be calculated. 

The evaluation of the results consists in the characterization of the dynamic vibration 
behaviour for the tested knitted variants and the interpretation of the obtained responses in 
correlation with different structural parameters of the knitted fabric. 

4. PARAMETERS RELATED TO THE FABRICS BEHAVIOUR AT
VIBRATIONS 

4.1. Direction of producing and measuring vibration 
The recorded frequencies showed comparable vibration responses in the coursewise 

and walewise directions, while significantly higher values of natural frequencies were 
recorded in the perpendicular direction of the test. Therefore, a first conclusion is that the 
perpendicular direction is recommended as a possible final application for vibration 
isolation [5]. 

4.2. Spacer fabrics properties with influence on the behaviour in vibration 
environment 

The results obtained indicated that the properties of the spacer knitted fabrics with 
the strongest impact on vibration behaviour, proved to be: 

Spacer yarn threading 
The tests showed a higher stability of the knit, both, in the case of the comparative 

evaluation between two knits, fed with one yarn per needle, respectively two yarns per 
needle, in the same ratio of 1:5, for the knit with double number of fed yarns on a needle, 
but also in the case of two knits, fed with a single thread per needle, but in a ratio of 1:3 and 
1:5, respectively. 

In this second case, the knitted structure with a higher number of connecting yarns, 
the one in the ratio of 1:3, showed a higher rigidity, implicitly a better vibration behaviour, 
which led to the conclusion that a higher number of connecting yarns positively influences 
the resistance of the knit to vibration, by increasing its rigidity [1,6]. 

Spacer yarn diameter 
The spacer yarns offer a better stability and structural balance as well as a positive 

effect on mechanical properties of the fabric. 
Tests have shown that an insignificant increase of 0.02 mm in the spatial yarn 

diameter, significantly influences the behaviour of the knit, which increases its mass by 
about 15%. This consequently implies a higher stiffness of the knit, demonstrated by higher 
values of natural frequencies [1,6].  

It can be hypothesized that the thicker the spacer yarn, the more rigid the knit will 
be, higher loading capacity will possess and implicitly higher values of natural frequencies 
will record. 

Yarn consumption 
From a range of 16 knitted structures, those made with the lowest yarn consumption, 

presented the lowest values of natural frequencies, implicitly the lowest level of rigidity. 
The variants made with the highest yarn consumption have registered the highest values of 
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natural frequencies and implicitly due to the increased mass they present a higher rigidity, 
which will lead to a much better response in vibration environment [7]. 

Fabric thickness 
Tests have shown that the thickness of the knit directly influences the values of 

natural frequencies, so that the thicker the knit, the higher the values of natural frequencies, 
implicitly a higher rigidity. To validate these results, a second method was applied, specific 
to the textile field, to determine the flexibility of knitwear, which validated the ranking of 
knitwears stiffness, based on the method of determining free vibrations [4]. 

Raw materials of the outer layers 
Tests with several knitting variants, in which the structure of the fabric and the 

diameter of the spacer yarns were maintained, but the type of yarns for the outer layers was 
varied, showed that polyester and polyamide were the most recommended raw materials for 
the outer layers, with extremely small differences registered between them at the maximum 
local stress, less than 0.1 MPa. The knitted fabrics made of synthetic fibres such as PES and 
PP showed higher natural frequencies than the knitted fabrics made of cotton and PNA, 
which reached similar values between them [5]. 

5. CONCLUSIONS

The study of the vibration behaviour of the knitted fabric using the method proposed 
by the authors to determine the natural frequencies is confirmed by the fact that similar 
results were obtained as in the literature, where the standardized method of generating 
vibrations by excitation was applied. 

The application of existing methods led to the same conclusions regarding the 
influence of structural and physical-mechanical parameters of the knitted structures on the 
vibration behaviour, such as: type of raw material [3,8-11], thickness of the knitted fabric 
[3,12], yarn consumption and some particularities of the spacer yarn: threading type [3,13], 
yarn diameter [3,13]. 

Analysis of the recorded frequencies revealed comparable vibration responses in the 
longitudinal and transverse directions, while significantly higher values of natural 
frequencies were recorded in the perpendicular direction of the test. This suggests that this 
direction is the more suitable for vibration isolation [1-7].  
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Abstract: Electromagnetic shielding based on textile fabrics is important in applications for ensuring proper 
work of electronic equipment and for protection of human’s health. Fibre-based materials include a good 
capability for a precise design of the physical and electric properties of the EM shields. There are two main 
methods to impart electroconductive properties to textile fabrics: insertion of conductive yarns into the fabric 
structure and coating with conductive layers. In our approach, both methods were applied: cotton woven 
fabrics with conductive yarns of stainless steel and silver, were coated by magnetron sputtering with stainless 
steel layers. Electromagnetic shielding effectiveness (EMSE) was determined by Transversal-Electric-
Magnetic (TEM) cell measurement system, according to standard ASTM ES-07. Moreover, EMSE was 
determined for the superposition of the manufactured textile shields. The stainless-steel plasma coating 
improves EMSE with 20 dB in case of the fabrics with stainless steel yarns and with 15-17 dB in case of the 
fabrics with silver yarns, in the frequency range of 0.1-1000 MHz. By superposition of the plasma coated 
shields, the gain in EMSE achieved was of 6 dB for the fabrics with stainless steel yarns and of 5-8 dB for the 
fabrics with silver yarns, on the same frequency range. EMSE has significant higher values in case of the 
superposed shields with silver yarns and stainless-steel coating for the frequency domain of 100-1000 MHz, 
due to the higher thickness and the significant contribution of the multiple reflection term.  

Keywords: fabrics, plasma coating, shielding, superposition 

1. INTRODUCTION

Textile shields are used today in numerous applications for ensuring the proper work 
of electronic equipment and to protect human’s health against non-ionizing radiation. The 
manufacturing of electromagnetic shields encompasses several solutions of fibre-based 
materials with electric conductive properties, and represents a niche domain with a lot of 
scientific contributions [1-4]. Main technological approaches to impart electric conductive 
properties to textile materials include insertion of conductive yarns into the fabric structure 
and coating with conductive layers [5]. In our approach, we propose textile woven fabrics 
with both inserted conductive yarns and plasma conductive coating. The inserted conductive 
yarns are made of silver and stainless steel, while the magnetron sputtering deposition 
conducted to stainless steel coatings. The current paper aims to tackle the gain in shielding 
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effectiveness achieved by superposition of two textile shields with same type of inserted 
conductive yarns, measured by means of the coaxial Transversal Electric-Magnetic (TEM) 
cell (standard ASTM ES-07).   

2. EXPERIMENTAL

2.1 Materials  
Insertion of conductive yarns in the woven fabric structure 
Two types of woven fabrics with inserted conductive yarns were manufactured: 

stainless steel yarns (Bekinox BK50/2) were inserted both in warp and weft system of a 
cotton substrate at the experimental station of INCDTP–Bucharest and silver yarns (Statex 
117/17 dtex) were inserted in weft system of a cotton substrate at SC Pamartex SRL, 
Giurgiu North Technological Park.  

Figures 1, a and b present the warping beam and respectively the weaving loom of 
type SOMET width 1.90 m, at the experimental station of INCDTP. Table 1 presents the 
design parameters of the woven fabrics with conductive yarns as well as some of the main 
physical-mechanical parameters. 

a                                              b 
Figure 1. Equipment: a - warping beam; b - weaving loom 

Table 1. Woven fabrics design parameters and main physical-mechanical properties 
Parameters/Properties F1 F4 

Conductive yarns Stainless steel 
(Bekinox BK50/2) 

Silver 
(Statex 117/17 dtex) 

Yarns fineness (dtex0 400 220 
Density Warp 9no. yarns/10 cm) 180 650 
Density Weft (no. yarns/10 cm) 170 340 
Float repeat Warp 
(cotton yarn: conductive yarn) 

6:2 - 

Float repeat Weft  
(cotton yarn: conductive yarn) 

6:2 6:1 

Specific mass (g/m2) 143 329 
Thickness (mm) 0.55 0.49 
Distance between conductive 
yarns (mm) 

4 4 

Plasma coating technique 
The stainless-steel coating of the textile fabrics was performed into a dedicated 

spherical stainless steel vacuum chamber (K.J. Lesker), pumped out by an assembly of a 

349



fore pump and turbomolecular pump (Pfeiffer), which allowed the obtaining of a base 
pressure down to 3×10–5 mbar. 

The chamber is provisioned with a magnetron sputtering gun from K.J. Lesker, 
accommodating a high purity Stainless steel target (99.999%). Enhanced deposition 
uniformity was achieved by rotating the samples during the deposition process (200 
rotations/min). A constant Ar (6.0) flow of 50 sccm was continuously introduced into the 
chamber by means of a Bronkhorst mass flow controller, so that the pressure established 
during the process was 5.3×10-3 mbar. The discharge was ignited with an RF generator 
(13.56 MHz) – model CesarR provisioned with an automatic matching box. 

The deposition time was set to insure a coating thickness of 400 nm and 1200 nm on 
both sides of the textile fabrics. Figure 2 presents the magnetron plasma equipment of 
INFLPR, evidencing the stainless-steel discharge above the textile surface. 

Figure 2. Magnetron plasma equipment 

Figure 3 presents the experimental plan of achieved textile shields, considering the 
insertion of conductive yarns into the fabric structure and the magnetron plasma stainless 
steel coating.  

Figure 3. Experimental plan of manufactured textile shields 
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2.2 Methods 
Shielding effectiveness measurement 
Electromagnetic shielding effectiveness (EMSE) is defined as: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 10 log �
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖 𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑜𝑜 𝑖𝑖𝑝𝑝𝑠𝑠𝑖𝑖𝑠𝑠𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖 𝑠𝑠𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠
� (1) 

Shielding effectiveness of fabric samples was measured via a coaxial TEM cell, according 
to standard ASTM ES-07. A picture of the measurement system, including the coaxial TEM 
cell is presented in figure 4.  

Figure 4. TEM cell measurement system 

Tested fabric samples were tailored in annular shape having an outer diameter of 100 
mm and an inner diameter of 30 mm and they were fixed onto the cell by means of 
conductive colloidal Ag paste. The measurement system included a signal generator 
E8257D, a power amplifier model SMX5, the coaxial TEM cell model 2000 and an 
oscilloscope Tektronix model MDO3102. 

3. RESULTS AND DISCUSSION

The electromagnetic shielding effectiveness (EMSE) was determined in the 
frequency range 0.1 – 1000 MHz. Results of EMSE are presented in figures 5 and 6. 

Figure 5. EMSE for fabrics with inserted stainless-steel yarns 
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Figure 6. EMSE for fabrics with inserted silver yarns 

According to experimental results evidenced in figure 5, stainless steel plasma 
coating improves EMSE of the fabrics with stainless steel yarns, in the frequency range 
of 0.1-1000 MHz with 20 dB. A slightly higher shielding (1-2 dB) was obtained in case 
of the coating with higher thickness (1200 nm on both faces). On the other hand, for the 
case of fabrics with silver yarns, the experimental results shown in figure 6 reveal that 
the same stainless steel plasma coatings improve EMSE with 15-17 dB on the same 
frequency range. This means a substantial improvement in EMSE of both types of 
textiles, due to magnetron plasma coating. The behaviour of EMSE in case of plasma 
coated woven structures with conductive yarns was analysed within paper [6]. The drop 
in EMSE for the woven fabrics with inserted silver yarns in the frequency range 100-
1000 MHz, where the sample becomes electrically thick (sample thickness >> skin 
depth), is due to the appearance of higher transmission modes in the coaxial TEM cell 
[9] that overdoses over the main transmission mode and can affect the measurement
result.

As well, EMSE was determined for the shields built by superposition of two 
plasma coated samples, namely F2+F3 (fabrics based on stainless steel yarns) and F5+F6 
(fabrics based on silver yarns). This approach was proposed in order to assess the gain in 
EMSE in case of superposition of the coated samples. Figure 7 and 8 present the EMSE 
in case of the superposition. 

The superposition of the two plasma coated fabrics with stainless steel yarns 
increases EMSE with 6 dB on the entire frequency range, according to experimental 
results (figure 7). Figure 8 shows that superposition of the two plasma coated fabrics 
with silver yarns increases EMSE with 5-8 dB on the frequency range 0.1-100 MHz, 
with improved results in the range of 100-1000 MHz, of 10-12 dB. This behaviour in the 
high frequency range may be explained by the fact that by superposing the two fabrics, a 
thicker shield with an additional interface is obtained which leads to higher losses inside 
the shield due to the multiple refection mechanism that occur both inside the two fabrics 
and at their interface [7-8]. Again, the deviation of the graphs, which according to theory 
[9] should have, for homogenous conductive materials, a straight trend at low
frequencies (electrically thin samples) and an ascending trend at high frequencies
(electrically thick samples), shows the occurrence of the higher order transmission
modes that influences the measurement results.
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Figure 7. EMSE for superposition of coated fabrics with stainless steel yarns 

Figure 8. EMSE for superposition of coated fabrics with silver yarns 

4. CONCLUSIONS

The paper was discussing on the shielding effectiveness for stainless steel plasma 
coated woven fabrics with inserted conductive yarns of stainless steel and silver. The 
manufactured EM shields were measured by superposition of two textile samples, based on 
the same type of inserted yarns and the coating thickness of 400 nm and 1200 nm, too. The 
results evidenced that the magnetron sputtering coatings of stainless steel improve EMSE 
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with 15-20 dB on the frequency domain of 0.1-1000 MHz for both types of woven fabrics. 
Superposition of samples conducted to an additional improvement of EMSE with 6-8 dB on 
the same frequency domain, when compared to the single samples.  
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Abstract: The new generations of wound dressings aim to create an optimal environment that allows epithelial 
cells to move easily in order to support regeneration. Such optimal conditions include a humid environment 
around the wound bed, efficient oxygen circulation to help regenerate cells and tissues, and low bacterial 
contamination. Composite matrices have several layers and can be used as primary or secondary dressings. 
Most composite dressings have three layers, respectively a semi-adherent or non-adherent layer, an absorbent 
layer, and a bacterial barrier layer. A method to obtaining these materials, which can be assimilated to layer-
by-layer deposition, or which can be operated in this regime, is represented by electrospinning. However, the 
deposition technique by electrospinning on textile surfaces (fabrics or nonwovens) raises some problems 
related to the electrostatic behaviour of textile fibres with dielectric properties. In this case, the characteristics 
of the jet are affected directly proportional with the thickness of the textile material, resulting in defects of 
nano- or micro-fibrillar deposition, such as unevenness and/or sputter (formation of drops, which are 
deposited in mixture with electro spun fibres). The article presents a mathematical model that predicts the 
diameter of the fibres in the composition of the absorbent layer of the multilayer matrix structure for the 
treatment of burns or gunshot wounds, taking into account the nonlinear relationships between the parameters 
explained above and specific theories of electrodynamics for thin profiles (for instance, those used in 
aeronautics) for the prediction of the behaviour of the electrospinning jet. 

Keywords: cellular matrix, electrospinning, mathematical modelling, textile substrate, skin regeneration 

1. INTRODUCTION

Studies worldwide have shown that for biomedical applications, in case of the 
development of multilayer matrices for the treatment of wounds caused by burns or by 
shooting, the adhesion of fibroblast cells and their migration depends on the diameter of the 
fibres in the textile structure [1]. A method that can be assimilated to layer-by-layer 
deposition, or that can be operated in this regime, is represented by electrospinning. The 
resulting irregular layer of nanofibers can then be further processed by compration/fusion in 
the form of extremely thin films, or by physico-chemical functionalization (for instance in 
cold plasma), followed by the continuation of deposition by the same technique, but using a 
different composition, or by any other technique [2,3].  

355



However, the technique of deposition by electrospinning on textile surfaces (fabrics 
or nonwovens) raises some problems related to the electrostatic behaviour of textile fibres 
with dielectric properties. In their case, the characteristics of the jet are affected in directly 
proportional to the thickness of the textile material, resulting in defects of nano- or micro-
fibrillar deposition, such as unevenness and/or sputter (formation of drops, which are 
deposited in mixture with electro spun fibres) [1,4].  

It is possible to reach the complete collapse of the micro-nano-fibrillar layer and the 
formation of non-homogeneous, interrupted films. [4]. 

The article presents a mathematical model that predicts the diameter of the fibres in 
the composition of the absorbent layer of the multilayer matrix structure for the treatment of 
burns or gunshot wounds, taking into account the nonlinear relationship between the 
parameters explained above and specific theories of electrodynamics for thin profiles (for 
instance, in aeronautics) for the prediction of jet behaviour. Specifically, it has been 
proposed to explain, from a mathematical point of view, the interaction of the electric field 
with the properties of the fluid to predict the diameter of the final jet.  

2. MATERIALS AND METHODS

The absorbent layer of the multilayer matrix, made by multilayer electrospinning 
must: have a moderate hydrophilic surface, dimensional stability (especially for deep burns), 
adequate microstructure, proper porosity, controllable biodegradability, allow adhesion and 
cell population growth [2].  

i.Materials used to make the absorbent layer in case of burn wounds: natural
polymers-collagen, gelatine, chitosan, fibrin, and their combinations (e.g., PLGA and 
collagen, to increase cell proliferation and the rapid development of extracellular matrix). 

ii. Materials used to make the absorbent layer in case of gunshot wounds (blood vessels
and bone tissue regeneration): chitosan, hyaluronic acid, collagen hydrolysed and colloidal 
silver.  

Electrospinning is performed with a single nozzle; multiplication of the primary jet 
not been taken into account. After the formation of the Taylor cone, the molecular cohesion 
of the liquid is high and constant enough to prevent the flow from breaking (the electrospray 
phenomenon does not occur), generating the charged liquid jet [5].  

The current flow changes from ohmic (linear) to convective (turbulent) as the load 
migrates to the fibre surface. The elongation of the jet takes place due to the whipping 
process caused by the electrostatic rejection initiated in the curved areas of the fibre. The 
visco-elastic behaviour of the polymer solution is described using the nonlinear model used 
in aerodynamics, considering the motion of the jet fluid element, and the mass transport of 
the solvent between the liquid jet and the gaseous medium is described by Frick's first law 
(stationary diffusion). 

Fluid motion is defined by diffeomorphism x=ℵ(𝑡𝑡,𝑋𝑋), with X being the position 
vector of a particle in the initial configuration, x is the position vector of the same particle at 
time t. Consequently, the velocity and acceleration of the particle are given by the equation 
1 [3-5]: 

𝑣𝑣(𝑡𝑡,𝑋𝑋) =
𝑑𝑑
𝑑𝑑𝑡𝑡
ℵ(𝑡𝑡,𝑋𝑋)     𝑎𝑎(𝑡𝑡,𝑋𝑋) =

𝑑𝑑
𝑑𝑑𝑡𝑡
𝑣𝑣(𝑡𝑡,𝑋𝑋) 

        (1) 

The fluid is a continuous medium, so the image through diffeomorphism is also a 
domain [6-8] and the intervening functions are of class C2(Ֆ0) with the Jacobian 2: 
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𝐽𝐽 =
𝜕𝜕(ℵ1,ℵ2,ℵ3)
𝜕𝜕(𝑋𝑋1,𝑋𝑋2,𝑋𝑋3)

≠ 0         (2) 

The equations of motion: the mass conservation principle 3, the continuity equation 
4, the impulse variation principle 5, the energy balance equation 6 are the well-known ones, 
not insisting on the specific conditions of the studied case: 

𝑑𝑑
𝑑𝑑𝑑𝑑 ∫ 𝜌𝜌𝑑𝑑𝑣𝑣 = 0 , ∀𝐷𝐷∁ Ֆ         (3) 

�̇�𝜌 + 𝜌𝜌𝑑𝑑𝜌𝜌𝑣𝑣𝑣𝑣 = 0         (4) 

𝑑𝑑
𝑑𝑑𝑡𝑡
�𝜌𝜌𝑣𝑣𝑑𝑑𝑣𝑣 = −�𝑝𝑝𝑝𝑝𝑑𝑑𝑎𝑎 + �𝜌𝜌𝜌𝜌𝑑𝑑𝑣𝑣 ,∀𝐷𝐷∁ Ֆ 

        (5) 

In this case, from (5) si 𝑎𝑎 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝑑𝑑

+ (𝑣𝑣 ∙ ∇)𝑣𝑣  is result in the Euler equation: 

𝜌𝜌 �
𝜕𝜕𝑣𝑣
𝜕𝜕𝑡𝑡

+ (𝑣𝑣 ∙ ∇)𝑣𝑣� = 𝜌𝜌𝜌𝜌 − 𝑔𝑔𝑔𝑔𝑎𝑎𝑑𝑑 𝑝𝑝 (6) 
𝑑𝑑
𝑑𝑑𝑡𝑡
�𝜌𝜌(𝑒𝑒 +

1
2
𝑣𝑣2)𝑑𝑑𝑣𝑣 = −�𝑝𝑝𝑣𝑣 ∙ 𝑝𝑝𝑑𝑑𝑎𝑎 + �𝜌𝜌𝜌𝜌 ∙ 𝑣𝑣𝑑𝑑𝑎𝑎 − �𝑞𝑞 ∙ 𝑝𝑝𝑑𝑑𝑎𝑎 ,∀𝐷𝐷∁ Ֆ 

It is considered that the basic state of the environment in which the jet operates is 
undisturbed, so it can be considered that it is at rest, in uniform motion or with a given speed 
distribution. It is well known that the problem of determining perturbations can be solved 
only in cases where they are small, because only in these cases e the methods of classical 
analysis or the methods of distribution theory can be approached. 

Taking into account that the order of magnitude of the disturbance is given by the 
basic movement and the shape of the body, for this case study the theory of thin bodies will 
be applied, with low incidence. 

The validation conditions of the linear theory cannot be established before, this 
following to be established after determining the solution of the linearized equations, but 
making the condition that the result does not lead to physical impossibilities. 

The systems of equations will be linear and with constant coefficients if the basis 
state is constant and will be linear with variable coefficients if the basis motion is uneven. 

Taking into account the previously imposed conditions, for modelling the 
characteristics of nanofibers according to process parameters, the phenomenological model 
described in figure 1 was considered, where the liquid jet is replaced by rectilinear linear 
segments, subjected to a convective field, the jet being connected in a "Viscoelastic chain". 

Figure 1. Force analysis for a rectilinear linear segment of the jet placed in the 
electrostatic field [4]: FC - Coulomb repulsive force; FE - electrostatic field strength; 

FM - viscoelastic force; η - dynamic viscosity; E - modulus od elasticity; d - diameter; 
l - length; m - mass; q - loading 

FC

FC

FE FE

FM

FM

d 
+ + 

A B 

m,q m,q 

E 
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2.1 Mathematical modelling of the main descriptive parameters of the jet: 
The mass loss of the solvent is calculated by equation 7: 

𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠,𝑠𝑠+1

𝑑𝑑𝑡𝑡
= ℎ𝑚𝑚𝜋𝜋𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑙𝑙𝑠𝑠,𝑠𝑠+1𝜌𝜌(𝑐𝑐𝑠𝑠,𝑒𝑒𝑒𝑒 − 𝑐𝑐𝑠𝑠,∞)         (7) 

where: 𝑑𝑑𝑠𝑠𝑠𝑠,𝑠𝑠+1, 𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑙𝑙𝑠𝑠,𝑠𝑠+1 represents the instantaneous mass of the solvent, the 
instantaneous diameter and the instantaneous length relative to the rectilinear and linear 
segment (i, i + 1) of the electrically charged jet between the element i and i + 1 at time t, hm 
is the mass transfer coefficient, ρ is the density of the polymer solution, 𝑐𝑐𝑠𝑠,∞ represents the 
concentration of the solvent saturated vapor.

The mass transfer coefficient can be written according to the Sherwood criterion 8: 

𝑆𝑆ℎ = ℎ𝑚𝑚𝑑𝑑𝑖𝑖,𝑖𝑖+1
𝐷𝐷𝑆𝑆,𝑎𝑎

 = const.ReaScb          (8) 

where DS,a is binary diffusion coefficient, Re, Sc - Reynolds and Schmidt numbers, 
respectively, a, b - exponents, which can take 1/3 values, ½ respectively [5]. 

It’s resulting that equation 9: 

ℎ𝑚𝑚 =
0.495𝑅𝑅𝑒𝑒1/3𝑆𝑆𝑐𝑐1/2𝐷𝐷𝑆𝑆,𝑎𝑎

𝑑𝑑𝑠𝑠,𝑠𝑠+1
=

0.495�
𝜌𝜌𝑎𝑎𝑙𝑙𝑠𝑠,𝑠𝑠+1�𝑣𝑣𝑛𝑛𝑠𝑠,𝑠𝑠+1𝑠𝑠 �

η𝑎𝑎

3

�
η𝑎𝑎

𝜌𝜌𝑎𝑎𝐷𝐷𝑆𝑆,𝑎𝑎
𝐷𝐷𝑆𝑆,𝑎𝑎

𝑑𝑑𝑠𝑠,𝑠𝑠+1

(9) 

Using a few transformations, the equation governing the evaporation of the solvent 
becomes equation 10: 

𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠,𝑠𝑠+1

𝑑𝑑𝑡𝑡
= 0.496ν𝑎𝑎

1
6𝐷𝐷𝑆𝑆,𝑎𝑎

1
2 𝜋𝜋𝜌𝜌(𝑐𝑐𝑠𝑠,𝑒𝑒𝑒𝑒 − 𝑐𝑐𝑠𝑠,∞)𝑙𝑙𝑠𝑠,𝑠𝑠+1

4/3 ��𝑣𝑣𝑛𝑛𝑠𝑠,𝑠𝑠+1𝑠𝑠 �
3  (10) 

Simple, it can also be determined the volume loss factor, using relationships 11: 

Λ𝑠𝑠−1,𝑠𝑠 =
𝑉𝑉𝑠𝑠−1,𝑠𝑠

𝑉𝑉0
   Λ𝑠𝑠,𝑠𝑠+1 =

𝑉𝑉𝑠𝑠,𝑠𝑠+1
𝑉𝑉0

 (11) 

Friction force - caused by the friction of the jet with the gaseous medium. 
Considering that the current lines depend on the shape of the body and the Reynolds 
number, it can be written successively in equations 12-17:  

𝐹𝐹𝐷𝐷𝑠𝑠−1,𝑠𝑠
𝑠𝑠 =  𝐶𝐶𝑓𝑓𝑆𝑆𝑓𝑓𝑠𝑠−1,𝑠𝑠

𝜌𝜌𝑎𝑎(𝑣𝑣𝑛𝑛𝑠𝑠−1,𝑠𝑠
𝑠𝑠 )2

2
+ 𝐶𝐶𝑝𝑝𝐴𝐴𝑝𝑝𝑠𝑠−1,𝑠𝑠

𝜌𝜌𝑎𝑎(𝑣𝑣𝑑𝑑𝑠𝑠−1,𝑠𝑠
𝑠𝑠 )2

2
 (12) 

𝐹𝐹𝐷𝐷𝑠𝑠,𝑠𝑠+1𝑠𝑠 =  𝐶𝐶𝑓𝑓𝑆𝑆𝑓𝑓𝑠𝑠,𝑠𝑠+1
𝜌𝜌𝑎𝑎(𝑣𝑣𝑛𝑛𝑠𝑠,𝑠𝑠+1𝑠𝑠 )2

2
+ 𝐶𝐶𝑝𝑝𝐴𝐴𝑝𝑝𝑠𝑠,𝑠𝑠+1

𝜌𝜌𝑎𝑎(𝑣𝑣𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑠𝑠 )2

2
 

(13) 

where Cf is friction coefficient and Cp - pressure coefficient. 

𝑆𝑆𝑓𝑓𝑠𝑠−1,𝑠𝑠 =  1
2
𝜋𝜋𝑑𝑑𝑠𝑠−1,𝑠𝑠𝑙𝑙𝑠𝑠−1,𝑠𝑠     𝑆𝑆𝑓𝑓𝑠𝑠,𝑠𝑠+1 =  1

2
𝜋𝜋𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑙𝑙𝑠𝑠,𝑠𝑠+1 

(14) 

𝐴𝐴𝑝𝑝𝑠𝑠−1,𝑠𝑠 =  1
2
𝜋𝜋𝑑𝑑𝑠𝑠−1,𝑠𝑠𝑙𝑙𝑠𝑠−1,𝑠𝑠  𝐴𝐴𝑓𝑓𝑠𝑠,𝑠𝑠+1 =  1

2
𝜋𝜋𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑙𝑙𝑠𝑠,𝑠𝑠+1 (15) 
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𝑣𝑣𝑛𝑛𝑠𝑠−1,𝑠𝑠
𝑠𝑠 = 𝜕𝜕𝑖𝑖∙𝑛𝑛𝑖𝑖,𝑖𝑖−1

𝑛𝑛𝑖𝑖,𝑖𝑖−1∙𝑛𝑛𝑖𝑖,𝑖𝑖−1

𝑟𝑟𝑖𝑖−1−𝑟𝑟𝑖𝑖
|𝑟𝑟𝑖𝑖−1−𝑟𝑟𝑖𝑖|

𝑣𝑣𝑛𝑛𝑠𝑠,𝑠𝑠+1𝑠𝑠 = 𝜕𝜕𝑖𝑖∙𝑛𝑛𝑖𝑖+1,𝑖𝑖
𝑛𝑛𝑖𝑖+1,𝑖𝑖∙𝑛𝑛𝑖𝑖+1,𝑖𝑖

𝑟𝑟𝑖𝑖−𝑟𝑟𝑖𝑖+1
|𝑟𝑟𝑖𝑖−𝑟𝑟𝑖𝑖+1|

(16) 

𝑣𝑣𝑑𝑑𝑠𝑠−1,𝑠𝑠
𝑠𝑠 = 𝑣𝑣𝑠𝑠 − 𝑣𝑣𝑛𝑛𝑠𝑠−1,𝑠𝑠

𝑠𝑠  𝑣𝑣𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑠𝑠 = 𝑣𝑣𝑠𝑠 − 𝑣𝑣𝑛𝑛𝑠𝑠,𝑠𝑠+1𝑠𝑠  (17) 

where ni,i-1 = ri-1 – ri   si   ni+1,i = ri – ri+1. 
From cf = f(Rel) and cp = f(Red) is resulting equations 18 and 19:  

𝑅𝑅𝑒𝑒𝑙𝑙 =
𝜌𝜌𝑎𝑎𝑙𝑙𝑖𝑖−1,𝑖𝑖�𝜕𝜕𝑛𝑛𝑖𝑖−1,𝑖𝑖

𝑖𝑖 �

η𝑎𝑎
𝑅𝑅𝑒𝑒𝑙𝑙 =

𝜌𝜌𝑎𝑎𝑙𝑙𝑖𝑖,𝑖𝑖+1�𝜕𝜕𝑛𝑛𝑖𝑖,𝑖𝑖+1
𝑖𝑖 �

η𝑎𝑎 (18) 

𝑅𝑅𝑒𝑒𝑑𝑑 =
𝜌𝜌𝑎𝑎𝑑𝑑𝑖𝑖−1,𝑖𝑖�𝜕𝜕𝑡𝑡𝑖𝑖−1,𝑖𝑖

𝑖𝑖 �

η𝑎𝑎
𝑅𝑅𝑒𝑒𝑑𝑑 =

𝜌𝜌𝑎𝑎𝑑𝑑𝑖𝑖,𝑖𝑖+1�𝜕𝜕𝑡𝑡𝑖𝑖,𝑖𝑖+1
𝑖𝑖 �

η𝑎𝑎

(19) 

For laminar flow, take into account that cf = 24/Rel and cp = 24/Red. 
It’s resulting: 

𝐹𝐹𝐷𝐷𝑠𝑠 = 6η𝑎𝑎𝜋𝜋𝑑𝑑0𝑙𝑙0
1
2 ��

Λ𝑠𝑠−1,𝑠𝑠

𝑙𝑙𝑠𝑠−1,𝑠𝑠
�

1
2 (𝑣𝑣𝑛𝑛𝑠𝑠−1,𝑠𝑠

𝑠𝑠 )2

�𝑣𝑣𝑛𝑛𝑠𝑠−1,𝑠𝑠
𝑠𝑠 �

+ �
Λ𝑠𝑠,𝑠𝑠+1
𝑙𝑙𝑠𝑠,𝑠𝑠+1

�

1
2 (𝑣𝑣𝑛𝑛𝑠𝑠,𝑠𝑠+1𝑠𝑠 )2

�𝑣𝑣𝑛𝑛𝑠𝑠,𝑠𝑠+1𝑠𝑠 �
�

+  6η𝑎𝑎 �𝑙𝑙𝑠𝑠−1,𝑠𝑠
(𝑣𝑣𝑑𝑑𝑠𝑠−1,𝑠𝑠

𝑠𝑠 )2

�𝑣𝑣𝑑𝑑𝑠𝑠−1,𝑠𝑠
𝑠𝑠 �

+ 𝑙𝑙𝑠𝑠,𝑠𝑠+1
(𝑣𝑣𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑠𝑠 )2

�𝑣𝑣𝑑𝑑𝑠𝑠,𝑠𝑠+1𝑠𝑠 �
� 

(20) 

The viscoelastic behaviour of the jet (constitutive relation) is described by the 
equation 21: 

𝑑𝑑𝜎𝜎𝑠𝑠,𝑠𝑠+1
𝑑𝑑𝑡𝑡

=
η𝑠𝑠,𝑠𝑠+1
𝜏𝜏𝑠𝑠,𝑠𝑠+1

(𝑔𝑔𝑠𝑠 − 𝑔𝑔𝑠𝑠+1) ∙ (𝑣𝑣𝑠𝑠 − 𝑣𝑣𝑠𝑠+1)
𝑙𝑙𝑠𝑠,𝑠𝑠+12 −  

𝜎𝜎𝑠𝑠,𝑠𝑠+1
𝜏𝜏𝑠𝑠,𝑠𝑠+1

 (21) 

where: 𝜎𝜎𝑠𝑠,𝑠𝑠+1, η𝑠𝑠,𝑠𝑠+1 𝑠𝑠𝜌𝜌 𝜏𝜏𝑠𝑠,𝑠𝑠+1 represents the normal stress, the instantaneous dynamic 
viscosity and respectively the instantaneous relaxation time of the polymer solution.  

The motion equation becomes equation 22: 

𝑑𝑑𝑝𝑝𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑠𝑠
𝑑𝑑𝜕𝜕𝑖𝑖
𝑑𝑑𝑑𝑑
− �𝑑𝑑𝑚𝑚𝑖𝑖

𝑑𝑑𝑑𝑑
� 𝑣𝑣𝑠𝑠 =  𝐹𝐹𝐸𝐸𝑠𝑠 + 𝐹𝐹𝐶𝐶𝑠𝑠 + 𝐹𝐹𝑀𝑀𝑠𝑠 + 𝐹𝐹𝑆𝑆𝑠𝑠 − 𝐹𝐹𝐷𝐷𝑠𝑠  (22) 

It is easy to notice that the second order differential equation for the position of the 
mass point can be rewritten as a system of first order equations 23 and 24: 

�
𝑑𝑑𝑟𝑟𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑣𝑣𝑠𝑠

𝑑𝑑𝑠𝑠
𝑑𝑑𝜕𝜕𝑖𝑖
𝑑𝑑𝑑𝑑

= �𝑑𝑑𝑚𝑚𝑖𝑖
𝑑𝑑𝑑𝑑
� 𝑣𝑣𝑠𝑠 +  𝐹𝐹𝐸𝐸𝑠𝑠 + 𝐹𝐹𝐶𝐶𝑠𝑠 + 𝐹𝐹𝑀𝑀𝑠𝑠 + 𝐹𝐹𝑆𝑆𝑠𝑠 − 𝐹𝐹𝐷𝐷𝑠𝑠

The solvent evaporation equation 10, the constitutive relationship 21, the kinematic 
equation 23 and the motion equation 24 form the system of equations that describe the 
behaviour of an ideal linear jet segment moving in an electrostatic field. 

The numerical solution for the equations determined above is based on the Euler 
method (for the predictor) and the Adams-Moulton method (for the corrector), respectively. 

The group of dimensionless parameters were determined using scale factors as 
follows: (equations 25 - 31): normal tension: 

 𝜎𝜎𝑠𝑠,𝑠𝑠+1∗ = 𝜎𝜎𝑖𝑖,𝑖𝑖+1
𝐸𝐸0

 
(25) 

(23) 
 

(24) 
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- dynamic viscosity: 
 ηi,i+1∗ = ηi,i+1

η0
 

(26) 
- diameter: 

di,i+1∗ =
di,i+1

d0
 (27) 

- vector components of the radius: 
xi∗ =

xi
L

 ,    yi∗ =
y
L

,     zi∗ =
z
L (28) 

- mass: 
mi,i+1
∗ =

mi

m0
 

(29) 
- electrostatic charging: 

qi,i+1∗ =
qi
q0

 
(30) 

- time: 
ti,i+1∗ =

t
t0 (31) 

where  E0 = η0/ τ0 = Young's modulus of the polymer solution   
m0, q0 = initial mass and initial electrostatic charge 

𝐿𝐿 = � 𝜏𝜏0𝑒𝑒02

𝜀𝜀02𝜀𝜀𝑟𝑟𝜋𝜋2η0𝑑𝑑02
  = characteristic length 

Dimensional equations 32 – 42: 
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where: 

𝐶𝐶𝑚𝑚∗ =
0.495𝜋𝜋ν𝑎𝑎

1
6τ0

2
3𝐷𝐷𝑆𝑆,𝑎𝑎

1
2 𝐿𝐿

5
3(𝑐𝑐𝑠𝑠,𝑒𝑒𝑒𝑒 − 𝑐𝑐𝑠𝑠,∞)

𝑑𝑑0
 (36) 

𝐶𝐶𝐸𝐸∗ =  
𝜏𝜏02𝑞𝑞02

𝜀𝜀0𝑑𝑑0𝐿𝐿3
(37) 
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𝐶𝐶𝑐𝑐∗ =  
𝜏𝜏02𝑞𝑞02

4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟𝑑𝑑0𝐿𝐿3
(38) 

𝐶𝐶𝑀𝑀∗ =  
𝜋𝜋η0𝜏𝜏02𝑑𝑑02

4𝑑𝑑0𝐿𝐿
 

(39) 

𝐶𝐶𝑆𝑆∗ =  
𝜋𝜋𝜋𝜋𝜏𝜏02𝑑𝑑02

𝑑𝑑0𝐿𝐿
 

(40) 

𝐶𝐶𝐷𝐷𝑓𝑓∗ = −  
6𝜋𝜋η𝑎𝑎𝜏𝜏0𝑑𝑑0

𝑑𝑑0

(41) 

𝐶𝐶𝐷𝐷𝑝𝑝∗ = −  
6η𝑎𝑎𝜏𝜏0𝐿𝐿
𝑑𝑑0

(42) 

Based on these theoretical hypotheses, the established input data and the numerical 
discretization, the equations that describe the motion of the jet in the convective zone (the 
so-called whipping phenomenon) can be solved. These will highlight which of the process 
parameters decisively influences the characteristics of the obtained nanofibers. 

The further development of the mathematical model could lead to the prediction of 
the breaking strength and elongation of the nanofiber. 

3. RESULTS AND DISCUSSIONS

The mathematical modelling performed in this stage show the following: 
o a particularly important parameter in the electrospinning process is the initial

dynamic viscosity, η0; the decrease of the values of this parameter determines the increase 
of the whipping area and the decrease of the linear part of the jet, which implies an 
elongation of the liquid jet and implicitly a decrease of the nanofiber diameter. 

o the initial relaxation time τ0 observed in the previous equations is another very
important parameter of the process. As the relaxation time increases, the Young's modulus 
of the polymeric liquid decreases, the width of the whipping area increases and the length of 
the linear area decreases, in other words the normal surface tension is responsible for the 
length of the linear area of the jet.  

4. CONCLUSIONS

Electrostatic spinning is a complex process that involves diffusion/evaporation/ 
cooling, heat transfer, water condensation and polymer diffusion, all these stages of the 
process being accompanied by their associated variables, such as jet initiation, laminar and 
turbulent motion, solidification and deposition of nanofibers. 

The control of the morphology and the mechanical behaviour of the nanofibers is 
still at the beginning, the mathematical models obtained so far predicting these parameters 
specifically for the field of use. 

It is necessary to deepen the specific phenomenology of this process for future 
modelling routes, especially regarding the evolution of nanoscale structures and parameter 
control. 
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FLOATING TANK FOR TRANSPORTING 
OIL AND HYDROCARBONS FOLLOWING A MARITIME DISASTER 
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M. Jomir1*, D. Zamirache2, A. Ene1, C. Mihai1

Abstract: Storage of recovered oil and oily water is an important issue when it comes to maritime disasters, 
being a significant factor of the overall operation. Using large storage vessels is not always an option 
especially when the vessel is close to the shore. Currently, floating or non-inflatable tanks made of 
composite textile materials are used worldwide for the storage of the water/hydrocarbon mixture, 
regardless of the area of action (maritime or fluvial). The research carried out so far by INCDTP 
specialists, which consists in modelling, simulation and numerical analysis of various constructive forms and 
devices, led to the conclusion that for the making of a floating tank for storing water/hydrocarbon/oil mixtures, 
the best solution for its construction is represented by textile materials woven from high-tech yarns (p-aramid 
and polyamide 6.6) covered with polyurethane. The experimental model of the floating tank for the 
transport of oils and hydrocarbons in case of disaster was designed by INCDTP specialists and consists 
of five experimental models of floating materials (made of five variants of covered textile structures) and 
assembled in collaboration with specialists from SC CONDOR SA, in the form of a floating storage tank. 
The storage tank that has been created will be tested on the ground first, in order to perform all gravimetric 
and quality measurements. 

Keywords: CAD, high-tech yarns, innovative textile technology, mobile tank, skimmer 

1. INTRODUCTION

The consequences of marine disasters are multiple and affect particularly: 
• the environment: oil slicks have triggered big destruction to coastal fauna and

flora, to sea bottom and to the habitat of numerous species, 
• health: marine transport is a carrier of microbes and contagious diseases; in

past history, it had caused the spread of serious epidemics, hence the practice of ship 
quarantine;  

• the economy: in the specific case of hydrocarbon transport, the claim
generates a chain economic consequence, such as the devaluation of the shores, the high 
costs incurred in beach clean-up operations, the contamination of fisheries, the technical 
unemployment of fishing flotilla and related jobs on shore etc.  

Disasters resulting from natural hazards can cause severe environmental and 
infrastructural disruption and significant economic losses [1-3].  When the release is a result 
of a technological accident, events can exacerbate the impact of a natural disaster on the 
environment, because of hazardous materials, fires and explosions (figure 1) [4,5]. In this 
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respect, one of the most conspicuous forms of damage to the aquatic environment is oil 
pollution [5-7].  

Figure 1.  Sheep disasters [5] 

Oil represents a broad range of hydrocarbon-based substances (crude oil and refined 
petroleum products, animal fats, vegetable and non-petroleum oils) with a complex physical 
and chemical properties [4-7]. Oil spills may be due to releases of crude oil from tankers, 
offshore platforms, drilling rigs and wells, as well as spills of refined petroleum products 
(ex. gasoline, diesel) and their by-products, heavier fuels used by large ships (bunker fuel), 
but it is very difficult to precisely estimate global oil inputs into marine environment. For 
example, around 35% comes from tanker traffic and other shipping operations. Together 
with inputs from industrial effluents and oil rigs, it accounts for 45% (figure 2) [7-9].  

Figure 2. Various pathways of oil entering the sea [7] 

Factors which affect the ability of an oil spill to spread are: 
• surface tension – the higher oil’s surface tension, the more likely a spill remain

in place [4,8,9]; if the surface tension of the oil is low, it will spread even without help form 
wind and water currents [4,9,10]; supplementary, oil is more likely to spread in warmer 
waters than  in cold waters (increased temperature reduce  a liquid’s surface tension);  

• specific gravity - can increase if the lighter substances within the oil evaporate;
heavier, vegetable oils and animal fats may sink and form tar balls or may interact with 
rocks or sediments on the bottom of the water body;  

• viscosity –  the higher the viscosity of oil, the greater the tendency for it to stay
in one place [4,8,11]. 

Oil inputs include volatile constituents which are emitted into the atmosfere during 
various types of burning process and after enter the water (figure 3). The brake down of the 
petroleum hydrocarbons depend on a variety of different environmental conditions: 
temperature, nutrient content in the water, wave actions etc. During the first few hour or 
even the first few weeks, the oil is modified by various physical, chemical and biological 
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processes: evaporation of volatile constituents spreading of the spilled oil in large oil slicks 
drifting on surface water; formation of dispersions and emulsions; photo-oxidation 
(molecular changes) and solution [4,12,13]. Other processes (sedimentation and breakdown 
by bacteria may continue months or years [13,14]. The speed of breakdown depends on:  

• the molecular structure of the oil constituents – the more complex the
petroleum hydrocarbon molecules, the longer process for the oil breaking down by 
microorganisms;  

• the cumulative action of the complex factors for promoting bacterial activity
– high temperatures, large surface area, good oxygen and nutrient supply and low number of
predator organisms. 

Figure 3. Modification of the crude oil in the sea [8] 

There are a few solutions to respond to marine oil spills. Each of them is used 
according to the gravity of the situation, the surface polluted with oil and the weather 
conditions on the sea.  

When oil (petroleum, crude oil) occurs on water, it is critical to constrain the spill as 
quickly as possible in order to minimize danger and potential damage to sea resources.   

In this respect, [8-10] two major steps involved in controlling oil spills are:   
1. containment – using floating barriers - booms to restrict the spread of oil and to

allow for its recovery, removal, or dispersal (figure 44) and

Figure 4. Anti-oil barrier [9] 
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2. recovery – with three different types of equipment – booms, skimmers and
sorbents. Variation in the design and construction (typo-dimensional characteristics of 
booms for containment) are linked with four basic characteristics [10-13]:  

- above-water freeboard to contain the oil and to help prevent waves from splashing 
oil over the top of the boom;  

- flotation device;  
- below-water skirt to contain the oil and help reduce the amount of oil lost under the 

boom; 
- longitudinal support along the bottom of the skirt, that strengthens the boom 

against wind and wave action (figure 1). 
When used in recovering oil, booms are often supported by a horizontal arm 

extending directly off one or both sides of a vessel, forming a “U”– or “J”–shaped pocket in 
which oil can collect; trapped oil can be pumped out to holding tanks (shuttles) for 
transporting to shore for proper disposal and recycling [9-11,13]. Skimmers (type weir, 
oleophilic and suction, depending on type of oil being cleaned up, condition of the aquatic 
environment, in presence of ice or debris in water) – figure 5 may be self-propelled or may 
be used from shore or operated from vessels.  

Figure 5 – Skimmers [9] 

Sorbents are materials used to recover oil through the mechanisms of absorption, 
adsorption or both.  

For a modern unit (figure 6), the following functional characteristics are required: 
operational in strong sea currents oil spill recovery (min. 4bf), transport and storage (at min 
2kt); rapid response in an emergency (possibility to be used in max. 1 h in conjunction with 
oil spill recovery equipment: vessel, booms, skimmers etc.); hydrodynamic configuration 
providing stable and secure storage solutions; added design features to aid clean up and 
separation; light, compact and highly portable.  

Figure 6. Horizontal tanks 
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Furthermore, petroleum hydrocarbon fractions contain a wide range of individual 
hydrocarbon compounds and variations in physicochemical properties such as volatility and 
solubility need to be taken into consideration when considering the textile- reinforced 
composite materials for naval emergency shuttle.  

2. MATERIALS AND METHODS

The research carried out so far by INCDTP specialists, which consists in modelling 
[14-18], simulation and numerical analysis of various constructive forms and devices by 
INCDTP specialists, made on the equipment from SC Majutex SA. The identification data 
of the 3 textile versions are presented below in table 1.  

The experimental models in the composition of the tank are differentiated by: the 
geometric shapes, the dimensions of the realization and the types of variants of 
composite materials used for construction [19-24].  

These aspects are presented centrally in table 1. 

Table 1. Textile structures/versions 
Characteristics  Structure 1 (V1) Structure 2 (V2) Structure 3 (V3) 

Raw material 
Warp/Weft 

100% Kevlar/ 
100%Kevlar 

100% Kevlar/ 
50%Kevlar/50%PA6.6 

Rb = 2:2 

100% Kevlar/ 
100%PA6.6 

Weave type Plain weave Plain weave Plain weave 
Finishing 

type/colour 
Covered with PU/orange Covered with PU/orange Covered with PU/orange 

The experimental models in the composition of the tank are differentiated by: the 
geometric shapes, the dimensions of the realization and the types of variants of composite 
materials used for construction. These aspects are presented centrally in table 2. 

Table 2. Experimental models of the composite modules 
Characteristics ME15 ME16 ME17 ME18 ME19 

Composite material 
– variant V1 V2 V2 V3 V3 

Constructive form Straight circular 
cylinder 

Straight 
circular 
cylinder 

Straight 
circular 
cylinder 

Cone Frustum of a 
cone 

The experimental model of the floating tank for the transport of oils and hydrocarbons in 
case of disaster was designed by INCDTP specialists and consists of five experimental models 
of floating materials (made of five variants of covered textile structures) and assembled in 
collaboration with specialists from SC CONDOR SA, in the form of a floating storage tank 
(figure 7).  

3. RESULTS AND DISCUSSIONS

The constructive dimensions of the experimental models from the floating storage 
tank component were the following (figure 4): 

• ME15: bases 1200 mm, length 3600 mm;
• ME16 and ME17: bases 300 mm, length 2400 mm;
• ME18: base 1200 mm, height 1000 mm;
• ME19: large base 1200 mm, height 800 mm, small base 200 mm.
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Figure 7. Sections and details for ME15 – ME19 

The designed experimental models were assembled using sewing assembly 
technology, but using special equipment adapted for sewing para-aramid structures (figure 
8). 

Figure 8. Sewing para-aramid structures 

Particular attention was paid to the fact that there must be no bases between ME15, 
ME18 and ME19, in order to allow access to the mixture of water/hydrocarbons/oil 
recovered inside the tank to be transported to shore. 

To assemble the Kevlar parts, the edge of the cut parts was stabilized by a 301 “safe 
stitch” using Nylon 135 Tex sewing thread, needle size 140/22 and Pfaff 2235 sewing 
machine with Ecodrive servomotor. A binding with scalloped edge Petersham type 30 mm 
was used to cover the edges, in order to eliminate the curling/wrinkling of the material 
during sewing (figure 9). 
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Figure 9. Elimination of the curling/wrinkling of the material during sewing 

When assembling the rectangle with the circle on the straight circular cylinder, the 
sewing machine with two retractable needles and 25 mm wide grosgrain were used. Zippers 
with water-resistant tape and zipper strap reinforcement seams (ME16, ME17) were also 
used. 

For ME18 and ME19, the assembly of the parts was done with reinforcing strips 
superimposed on each other - grosgrain 25 mm wide and binding with scalloped edge 
(Petersham), to cover and strengthen the edges of the cone and of the frustum of the cone. 

The experimental model of floating tank will be tested on the ground, to verify the 
gravimetric measurements, as well as in real conditions of use, in the Port of Constanta. 

4. CONCLUSIONS

The structural analysis that has been performed, on the basis of which the composite 
materials made of high-tech yarns were designed and made, forms the basis for the 
realization of the experimental models of modules from the floating tank component for 
storing water/hydrocarbon mixtures. 

The experimental model of floating tank was made on the specific technology of 
assembling high-tech materials, which involves, on the one hand, the combination of large 
modules and, on the other hand, the use of special accessories for assembling composite 
textiles made of high tenacity polyamide or yarn of type p-aramid. 

The storage tank that has been created will be tested on the ground first, in order to 
perform all gravimetric and quality measurements. It will then be tested in real experimental 
conditions in the Port of Constanta in order to establish the technical resource. 
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Abstract: Textile technologies are rapidly developing and coping with the modern software applications of e-
textile design means a substantial benefit for textile creatives. The target group of textile creatives is considered 
to include both young professionals in the textile industry as well as students of Higher Education in technical 
fields. A partnership of six prestigious research and educational providers in Europe, coordinated by INCDTP – 
Bucharest have joined their expertise to offer educational modules related to this need, within the Erasmus+ 
project “OptimTex- Software tools for textiles creatives”. The project has duration of two years (2020-2022) and 
has already implemented the educational modules in e-learning format on the project’s website 
(www.optimtex.eu). The five educational modules follow the main textile technologies and describe in a 
Problem-Based-Learning (PBL) approach software applications for: weaving, knitting, virtual prototyping of 
clothing, embroidery of e-textiles (electronic textiles) and experimental design. The PBL approach consists in 
learning by examples, followed by the theory, the corresponding software applications and a quiz for self-
assessment. The e-learning instrument was programmed in HTML5 and JavaScript and offers quick access the 
educational modules. INCDTP has conceived the fifth module on experimental design, by tackling plasma 
treatments of textiles for various functionalities: hydrophobic, hydrophilic and electrical conductivity. Full 
factorial, Central Composite Design and Fractional factorial experimental design plans were described.  This 
topic is of interest for the envisaged target group, for it represents alternative and useful knowledge to the 
official curricula of Higher Education engineering studies. Intensive Study Programs and Multiplier events will 
be organized in the second project’s year for students of Higher Education and textile professionals.  

Keywords: design, e-textiles, e-learning, software, education 

1. INTRODUCTION

The world-of-work in textiles requires a well-skilled labour force with knowledge of 
the latest trends in textile technology [1]. Among these latest trends, a special role is 
represented by the computer software applications for design of e-textiles [2]. As such, a high 
value-added professional competence is given by the knowledge and skills in software for 
textiles. The skilled work force has improved chances to find a good work place and to benefit 
from the value-added competences.  

The software applications in e-textiles are grouped on the various textile technologies, 
such as weaving, knitting, virtual prototyping of clothing, embroidery of e-textiles and 
experimental design. Since these types of software demand specialists with basic notions of 
textiles and computer, the process to upskill the competences in this domain is targeted 
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towards young professionals from the textile industry as well as by students of higher 
education. This target group was generically named “textile creatives”. The need of improving 
skills in design software for e-textiles (electronic textiles) was tackled by the Erasmus+ 
OptimTex project – “Software tools for textile creatives”. 

2. THE ERASMUS+ OPTIMTEX PROJECT

The Erasmus+ project OptimTex – “Software tools for textile creatives” is a strategic 
partnership project in the field of Higher Education. It has an implementation period of two 
years (Dec. 2020 – Nov. 2022) and was funded by the Erasmus+ National Agency in Romania 
ANPCDEFP. INCDTP – Bucharest coordinates a prestigious partnership formed of research 
and educational providers in Europe: TecMinho / University of Minho from Portugal, Ghent 
University from Belgium, University of Maribor from Slovenia, Technical University “Gh. 
Asachi” from Iasi, Romania and University West Bohemia from Czech Republic. Basic info 
related to objectives, results and the partnership of OptimTex may be accessed on the 
project’s website www.optimtex.eu . Figure 1 presents the Erasmus+ logo and the project’s 
logo. 

a        b 
Figure 1. Images of: a - Erasmus+ logo; b - Project’s logo 

The educational content was divided in several modules according to the main textile 
technology domains and the key expertise of the six partners, as follows: 

- Design and modelling of woven structures – Ghent University 
- Design and modelling of knitted structures – Technical University Iasi 
- Design and modelling of garments by 3D scanning software and CAD/PDS 

software – University of Maribor 
- Design and modelling of embroidered structures – University West Bohemia 
- Software for research experimental design – INCDTP – Bucharest 

The educational modules were conceived of about 40 pages including images and 
videos. These modules were already accomplished by the project’s partners in the first 
project’s year and they form the basic content for the three Intensive Study Programs with 
students of Higher Education, as well as the six Multiplier events with professionals from the 
industry. In order to organize these training / multiplier events, the educational modules are 
going to be implemented in e-learning format on the project’s Moodle platform at 
www.advan2tex.eu/portal/. The Moodle e-learning platform includes already the educational 
materials of the previous three Erasmus+ VET projects, with open access (figure 2). 

3. THE E-LEARNING INSTRUMENT

The OptimTex educational modules were already implemented online, by means of an 
e-learning instrument. The instrument was conceived to enable quick access in a visual and 
structured manner to the educational modules [3,4]. All the provided modules described 
examples of software for textiles in a Problem-Based-Learning approach [5,6]. As such, each 
module included 4-5 examples, completed by the corresponding theory, the required software 
applications as well as the multiple-choice questions for self-assessment of the acquired 
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knowledge. In order to support the learning process, the e-learning instruments provide access 
to each of these four elements of the educational modules. Please consult figure 3 on the 
concept of the e-learning instrument with the four HTML buttons: Example, Theory, 
Application and Quiz.   

Figure 2. The Moodle e-learning platform 

Figure 3. The HTML5 / JavaScript e-learning instrument 
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The e-learning instrument was programmed in HTML5 and JavaScript and was 
included as webpage on the online project’s website (www.optimtex.eu). Each of the four 
elements of an example may be accessed by the corresponding HTML5 button. This modality 
to present the educational content of the project is in line with the open-access provisions of 
Erasmus+ EC program and is conceived as well in a Problem-Based-Learning approach.    

4. THE MODULE ON EXPERIMENTAL DESIGN

INCDTP – Bucharest has prepared the fifth educational module, named “Software for 
research experimental design”. This module tackles by four examples the topic of 
experimental design and the related software solutions of regression computing. The examples 
belong to the plasma treatment of textile materials for various functionalities, such as 
hydrophobic, hydrophilic and electric conductive properties. The used experimental design 
plans were: 

- Full factorial with two input parameters and three variation levels 
- Box-Wilson – Central Composite Design with two input parameters and five variation 

levels 
- Full factorial with four input parameters and two variation levels 
- Fractional factorial with six input parameters and two variation levels 

In order to optimize the plasma treatment on textile materials, several input 
parameters, such as the power of the generator, the process time, the gas flow and the process 
pressure have to be simultaneously varied, according to an experimental plan and the 
corresponding experimental matrix (design phase). A mathematical model, usually a 
polynomic equation second degree may be associated between the input parameters of the 
physical process and the result variable and its coefficients computed by regression (analysis 
phase). This mathematical model may be further used to compute intermediate values by 
interpolation and to perform the MINMAX analysis for optimizing the result and determine 
the corresponding input parameters (prediction phase) [7,8].  

The first example tackles the hydrophobic plasma treatment by hexafluoro propane 
gas, on cotton fabrics, by the low-pressure plasma equipment of INCDTP. The power of the 
generator and the process time were considered as input parameters. The result variable to 
characterize the hydrophobic functionality was considered the Water Contact Angle (WCA) – 
(figure 5), measured by means of a goniometer equipment (figure 4).   

Figure 4. The contact angle instrument Figure 5. Photo of water droplet on the cotton 
fabric 

The values of the three variation levels of the two input parameters Power and Time 
are presented in table 1. 

374

http://www.optimtex.eu/


Table 1. The variation levels of the input parameters 
Level Power (W) 

x 
Time (min) 

Y 
upper: +1 30 4 
medium: 0 20 3 
lower: -1 10 2 
delta Δ 10 1 

The input parameters were encoded by equations 1 and 2, while the mathematical 
model, the polynomic equation second degree is given by equation 3.  

𝑥𝑥 =  
𝑃𝑃 − 20

10
(1) 

𝑦𝑦 =  
𝑡𝑡 − 3

1
(2) 

𝑍𝑍 = 𝑎𝑎0 + 𝑎𝑎1𝑥𝑥 + 𝑎𝑎2𝑦𝑦 + 𝑎𝑎12𝑥𝑥𝑦𝑦 + 𝑎𝑎11𝑥𝑥2 + 𝑎𝑎22𝑦𝑦2 (3) 

The experimental matrix of the physical process, with the result variable WCA is 
given by table 2. 

Table 2. The experimental matrix with result variable WCA 

Sample code Power Time Variables Result 
X y Xy x2 y2 Z 

P1 1 1 1 1 1 1 138.3 
P2 1 1 0 0 1 0 133.6 
P3 1 1 -1 -1 1 1 134.7 
P4 1 0 1 0 0 1 135.8 
P5 1 0 0 0 0 0 137.2 
P6 1 0 -1 0 0 1 128.1 
P7 1 -1 1 -1 1 1 135.6 
P8 1 -1 0 0 1 0 131.6 
P9 1 -1 -1 1 1 1 128.4 

The regression computing in EXCEL was used, in order to compute the coefficients 
of the polynomic equation (figure 6). 

This is an example of experimental design in the textile field to serve as educational 
content for Higher Education students. The software application, such as EXCEL, was applied 
to support the computational process of regression. The other examples of the course include 
more software applications with the practical modality to use: MATLAB, MODDE, NCSS, 
OpenOffice CALC. In this way, we aim to support the textile creatives to improve their 
knowledge and skills by practical applications. Please consult for the complete set of 
educational examples the e-learning instrument on the project’s website www.optimtex.eu. 
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Figure 6. Regression computing in Excel 

5. CONCLUSIONS

The knowledge of software applications is crucial for the textile creatives. The 
Erasmus+ OptimTex project was conceived, in order to support them with educational 
materials in software for e-textiles design of weaving, knitting, virtual prototyping of clothing, 
embroidery of e-textiles and experimental design. The educational modules are structured in a 
Problem-Based-Learning approach, with examples, theory, applications and quiz. An e-
learning instrument was programmed in HTML5 and JavaScript, in order to enable quick 
access to the educational content. The fifth educational module “Software for research 
experimental design” was prepared by the team of INCDTP – Bucharest. It follows several 
examples of experimental design plans, based on the plasma treatment of textiles for various 
functionalities. The complete educational materials are already available on 
www.optimtex.eu. Intensive study programs with 60 students and multiplier events with 115 
professionals will be organized in the second project’s year. 
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Abstract: Functional properties such as; water resistance, flame retardancy, antibacterial efficiency etc. are 
required from textile products. One of the most commonly demanded products among functional textile 
products is the flame-retardant textiles. In this study, it is aimed to produce polypropylene filament yarn with 
permanent flame retardancy functionality by adding boron compound, which is Anhydrous disodium 
tetraborate powder (particle size < 38 micron), to the fiber structure during melt spinning process. In this 
study two different yarn samples are produced with anhydrous disodium tetraborate content by mass ratios of 
2% and 5%. A control polypropylene filament yarn sample is also produced with no additive. By this way, 
three samples are produced by a conventional BCF polypropylene melt spinning machine with the same 
production parameters. Then, three knitted fabric samples were produced flat knitting machine. Limiting 
Oxygen Index (LOI) and vertical flammability tests were applied to the samples.  According to results an 
important level of increase for LOI value is obtained with the sample which has 2% boron compound additive. 
Nevertheless, there is not a consistent effect of increasing boron content in yarn structure for LOI value. The 
reason of this situation may be resulted due to the uneven distribution of the boron compound in the yarn 
structure because of the particle size.  

Keywords: Anhydrous disodium tetraborate, Boron compound, filament yar, flame retardancy, polypropylene 

1. INTRODUCTION

Today, functional properties such as; water resistance, flame retardancy, 
antibacterial efficiency etc. are required from textile products. Flame retardant 
applications are mainly applied to combustible textile materials used in carpets, curtains and 
children’s wear for avoiding easily flammable fabrics. In principle, the best flame retardant 
process for textile materials have to char the fiber, prevent afterglow and release no toxic 
gas or smoke. The new regulations regarding environment, health and fire require 
halogenated flame retardant chemicals to be phased out. Today, researchers concentrate on 
creating halogen free flame retardants for different kinds of textile materials. The modern 
flame retardant chemistry uses silicone, phosphorus and nitrogen compounds. Researches 
focus on green chemistry such as enzymes and intumescent flame retardants like expandable 
graphite as well. Inorganic compounds and interactive combinations of conventional flame 
retardants are likewise in demand [1]. On the other hand, providing permanence of the 
functionality is as important as obtaining flame retardancy. Polypropylene is a widely 
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used synthetic polymer due to its high strength and low-price advantages. On the other 
hand, it has a disadvantage that the material burns very quickly and does not leave ash 
residue, but it is an advantage that it burns smokeless [2]. Flame retardancy for textile 
products can be achieved by different ways; as using commercially available flame 
retardant fibers, finishing of textile products by flame retardant chemicals or adding 
flame retardant additives to the structure during fiber production [3]. 

In the literature there are many studies which deal with the flame retardancy effect 
of boron compounds. In a previous study, various boron compounds were used to achieve 
flammability. The synergistic effect of four different boron containing substances, zinc 
borate, borophosphate, boron silicon containing preceramic oligomer and lanthanum borate 
were used to increase the flame retardancy of a polypropylene intumescent system 
composed of ammonium polyphosphate and pentaerythritol. LOI test results showed that 
boron compounds reach their highest synergistic effect at 1 % wt loading. Borophosphate 
containing composite showed the highest LOI value of 30, lowest maximum heat release 
rate and lowest total heat release rate value. Even though the char yield increases as the 
amount of boron compounds increases, the flame retarding effect decreases. Results of cone 
calorimeter test and thermogravimetric analysis showed that the boron compounds are likely 
to achieve their synergistic effect by reinforcing the integrity of char which improves its 
barrier effect rather than increasing the char yield [4]. In another research, effect of 
commercial flame retardant (CFR) on upholstery leathers treated with borax, boric acid and 
zinc borate was investigated. Chemical solutions were applied to the leathers by padding 
finishing technique, and after the flame retardant application the leathers were finished with 
traditional finishing methods. According to LOI results, CFR CFR+borax+boric acid and 
CFR+zinc borate+boric acid treated groups of leather had 28.5%, 29.2% and 29.9% oxygen 
concentration, while control sample had 27.0%. It is concluded that, flame retardant 
property of leathers was increased by the effect of boron derivatives [5].  In a study which 
deals with the flame retardancy of zinc borate, organic phosphinate (diethyl phosphinic 
acid) (DPA) and zinc borate/organic phosphinate combination doped polybutylene 
terephthalate (PBT) was investigated. LOI values of ZnB/PBT samples were found very low 
even with higher filling content. At higher loading of ZnB, the dripping of the sample 
strongly decreased and also char residue increased. It was concluded that organic 
phosphinate acid-based additives DPA was particularly effective with PBT. It was also seen 
that the combination of DPA and ZnB can be used to increase the char residue and decrease 
the melt dripping of PBT [6]. In another study, neutralized intumescent fire retardant 
(NIFR) was synthesized in ‘‘one step and one pot’’ using a protocol. Flame retardant 
properties of the intumescent polypropylene showed the efficiency of the new synthesized 
intumescent compound. It was also demonstrated that, under hydrolytic conditions, zinc 
borate allowed reducing the migration and keeping good flame retardant properties [7]. 
Ayar et al. aimed to produce, economically favourable, easy processed, strong coverageable, 
flame retardant, high temperature resistant, low temperature expansion and high corrosion 
resistance dye by means of anhydrous zinc borate pigment. According to test results, it is 
approved that thermal and fire resistance of metallic, wooden and woven textile materials 
were improved by means of anhydrous zinc borate based pigment dye. This dye can be used 
to increase the materials resistance against extreme temperature, corrosion and to provide 
dimensional stability in industrial applications [8].  

In another study, two eco‐friendly boron chemicals, boric acid, and borax 
decahydrate, were used as flame‐retardant. The flame‐retarding functions for polypropylene 
bulked continuous filament polypropylene (BCF PP) yarn were investigated through the 
applications of boron chemicals. Boric acid and borax decahydrate are added to BCF PP 
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yarns during the spin finish process. LOI values of samples were examined and the results 
of the study showed that application of boron compounds improves flame retardancy. Borax 
decahydrate shows better flame‐retarding effect than boric acid [9]. Another study is about 
boron oxide and boric acid application to impart flame retardant property for comonomer 
containing polyacrylonitrile fabrics. In the study, boron compounds were applied to fabrics 
by using various combinations of the atmospheric plasma modification and sol-gel methods. 
After these treatments, ignition times of the atmospheric plasma and sol-gel treated fabrics 
were compared. Test results showed that, ignition times of all the samples treated with 
boron oxide and boric acid were increased, but the highest increase was obtained by the 
plasma+sol-gel method. SEM (Scanning Electron Microscopy) images and FT-IR (Fourier-
transform infrared spectroscopy) spectrums of the treated samples demonstrated the 
presence of boron in all samples treated under various conditions. When TGA 
(Thermogravimetric analysis) thermograms were examined, it was determined that the 
decomposition temperature of PAN fabrics, treated with boron compounds increased. It is 
concluded that the flame retardancy of PAN (Polyacrylonitrile) fabrics was improved by 
environmentally friendly boron compound application [10]. In a study, flame retardancy 
effect of boron on two cotton fabrics was investigated. Different concentrations of boric 
acid nanoparticles were examined to optimize the flame-retardant functions. Results showed 
that; the flame spreading times of the coated fabrics and burning time were increased by 
increasing the concentration of boric acid nanoparticle content. In addition, tensile strength 
of the treated fabric decreased [11]. In a study which deals with the the effects of zinc borate 
(ZB) and micro capsulated red phosphorus (MRP) with modified magnesium hydroxide 
(MH) on the flame-retardancy property of polypropylene (PP), it is seen that the MRP 
powders had a little effect on the mechanical properties of the PP composites. Test results 
showed that addition of ZB and MRP weakened the heterogeneous nucleation effect of MH 
on PP. The addition of ZB and MRP had a great effect on the flammability of the 
PP/MH/EG composites. The thermal stability of PP/MH/ZB and PP/MH/ZB/MRP 
composites was better than that of PP/MH composite [12]. Güldaş et al. studied the 
rheological properties of zinc borate reinforced polypropylene. In the study reinforced 
polypropylene granules were produced and the zinc borate was added to powder 
polypropylene material at different ratios. To prevent oxidation, maleic anhidrit used as an 
antioxidant, it was added to PP during the production of zinc borate reinforced 
polypropylene granule. It was determined that viscosity value increased depending on zinc 
borate rate but viscosity decreased depending on increasing temperature and pressure. It was 
determined that MFI (melt flow index) values had been increased depending on increasing 
temperature and pressure whereas MFI values have been decreased according to increasing 
zinc borate ratio. Additionally, shear rate decreased depending on increasing proportion of 
additive but shear rate increased with the increasing of temperature and pressure [13].   

In the present study, it is aimed to produce polypropylene filament yarn with 
permanent flame retardancy functionality by adding boron compounds to the fiber 
structure during melt spinning process. It is known that boron compounds are flame 
retardant, environmentally friendly when used, do not cause toxic gas emissions, have 
low volatility, and suppress combustion by covering the burning material in such a way 
that prevent the contact of burning material with oxygen [14]. 

2. MATERIALS AND METHOD

 In this study, Anhydrous disodium tetraborate (Etibor 68) which is produced by 
ETİ Mining Operations General Directorate (Turkey) is used. The master batch is 
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produced via twin screw extruder by mixing Anhydrous disodium tetraborate powder 
(particle size < 38 micron) by polypropylene polymers.  For production of masterbatch, 
polypropylene and anhydrous disodium tetraborate are mixed by a mass basis ratio of 
50/50. Then, three different polypropylene filament yarn samples are produced by a 
conventional BCF polypropylene melt spinning machine with 3000 dtex/144f yarn linear 
density. Two samples are produced with 2% and 5 % (weight basis) anhydrous disodium 
tetraborate additive. The control sample is produced without additive. The production 
parameters of the sample yarns are given in table 1. 

Table 1. The production parameters of yarn 
Parameter Value 

Temperature of extruder 220℃-250℃ 
Cooling air velocity 0.7 m/s 

Temperature of air chamber 20℃ 
Lubrication rate (spin finish) 0.7% 

Tailstock 28 pcs/m-30 pcs/m 
Spot pressure 4.5 bar 
Output Speed 2800 m/min 

The produced yarn samples are used to produce knitted fabrics by flat knitting 
machine. Then, Limiting Oxygen Index (LOI) of yarns is measured according to ASTM 
D2863 standard. Flammability behaviors of knitted fabrics are also measured by vertical 
flammability test according to ASTMD 6413 – 08 method. 

3. RESULTS

In this study, surface views of produced yarns are examined by SEM images and 
given in figure 1.  

Figure 1. SEM images, with 2% (left side) and 5% (right side) anhydrous disodium 
tetraborate additives 

It can be seen from SEM results that the boron compound is not evenly distributed 
on the surface of yarn. It is thought that, the particle size of boron compound (38 micron) is 
not suitable for yarn production; as a result the particle size of compound must be lowered. 

LOI is the measure of the minimum percentage of oxygen in an oxygen/nitrogen 
mixture that is required to support the combustion of material. LOI values of samples are 
determined and are given in table 2. 
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Table 2. LOI (Limiting Oxygen Index) of yarns 
Samples LOI (%) 

Without boron additive 19.0 
%2 anhydrous disodium tetraborate 22.1 
%5 anhydrous disodium tetraborate 20.6 

It can be seen from LOI values that the yarn without boron additive has a very low 
value which can be regarded as easily flammable. It is also seen that better results are 
obtained with the sample which has 2% boron compound additive in comparison to control 
sample (without boron additive). However, the same trend is not seen in 5% boron additive 
yarn. Flammability behaviours of knitted fabrics were measured by vertical flammability 
test and the results are given in table 3. 

Table 3. Vertical flammability test results 
Parameter Value 

Control sample 1 2 3 Mean 
Self-extinguishing time, second 86 48 55 63 
Combustion distance, cm 20 10 13 14.3 
2% anhydrous disodium tetraborate 1 2 3 Mean 
Self-extinguishing time, second 40 75 12 42.3 
Combustion distance, cm 8 20 6 11.3 
5% anhydrous disodium tetraborate 1 2 3 Mean 
Self-extinguishing time, second 50 125 40 71.6 
Combustion distance, cm 11 20 12 14. 3

After vertical flammability tests the sample views are taken and the images are given 
in figure 2.  
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Figure 2. Vertical flammability sample views 

It is seen from the sample images (figure 2) that the better results are obtained by the 
specimens, which have 2% boron compound additive in comparison to control sample. But 
the flame retardancy does not increase when the boron compound ratio increases. So, the 
flame retardancy of the boron compound is found to be inconsistent as a negative result.  

4. CONCLUSIONS

The flame retardancy performance of the samples is investigated by LOI test and 
vertical flammability tests. An obvious level of increase for LOI value is obtained with the 
sample which has 2% boron compound additive. But there is not a consistent effect of 
increasing boron content in yarn structure for LOI value. This situation may be resulted due 
to the uneven distribution of the boron compound in the yarn structure. The probable reason 
is thought to be the inappropriate particle size of boron compound. Similar inconsistent 
results are also seen for vertical flammability test results. For this reason, for further study, 
the particle size of boron compounds will be reduced and also homogenization boron 
compound in the yarn structure will definitely be ensured. After the discussions with the 
synthetic yarn manufacturers, it was concluded that adding particles of approximately one-
tenth of the yarn diameter to the yarn structure would be suitable for synthetic yarn 
production. It is concluded that the particle size of 5 microns and below would be more 
sufficient for the boron compounds to be used. 
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Abstract: One approach to develop innovative antimicrobial wound dressing materials is to use natural 
polymers loaded with antimicrobial agents. The valorisation of animal proteins as biomaterials with 
antimicrobial properties is a new concern for development of wound healing. Plant esssential oils (EO) also 
indicate a potential approach for new wound dressing materials able to replace the synthetic antymicrobial 
agents. In this paper, plant-polymeric film was prepared by casting film-forming emulsion based on 
lemongrass (Cymbopogon flexuosus) essential oil/Tween 80 dispersed into rabbit collagen glue hydrolysate–
chitosan biomaterial. The effect of biomaterial film composition on Staphylococcus aureus ATCC 6538 and 
Escherichia coli ATCC 10536 standard bacteria, and Candida albicans ATCC 10231 pathogenic fungus was 
studied according to European Pharmacopoeia 10/2020 as compared with biomaterial film without essential 
oil. The in vitro antibacterial tests against three bacterial strains showed that the rabbit collagen glue 
hydrolysate–chitosan biomaterial inhibited all the three microorganisms. The rabbit collagen hydrolysate 
glue-chitosan film loaded with lemongrass essential oil exhibits antimicrobial activity towards tested 
microorganisms but lower as compared with control. The explanation could be due to the short time of 
investigation, or maybe some active compounds constituents of EO, which favour the cellular proliferation. 
Preparation of rabbit collagen glue hydrolysate-chitosan biomaterial loaded with lemongrass essential oil is 
an environmentally friendly solution, which may contribute to the development of wound healing materials as 
an alternative to topical antimicrobial agents.  

Keywords: antimicrobial activity, chitosan, lemongrass, rabbit collagen hydrolysate glue, wound dressing 
materials  

1. INTRODUCTION

Currently, conventional wound medical dressing includes introduction of therapeutic 
agents into polymeric synthetic in order to increase the healing process [1,2]. Unfortunately, 
chronic wound infections resist to the antibiotics administration. One approach to develop 
innovative antimicrobial wound dressing materials is to use natural polymers loaded with 
antimicrobial agents like chitosan, ZnO nanoparticles and TiO2 nanoparticles by 
electrospinning technology [3,4]. The valorisation of animal proteins as biomaterials with 
antimicrobial properties is a new concern for development of wound healing. Thus, collagen 
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derived from bovine tendons and rabbit skin and keratin extracted from sheep’s wool 
represent a sustainable potential raw materials to be exploited in wound healing [5]. Animal 
proteins are biodegradable, show antimicrobial and antioxidant properties and 
biocompatibility with tissue and correspond to the circular economy strategy. The collagen 
hydrolysate valorized from rabbit skin contains alanine and arginine amino acids in 
structure and good biocompatibility and bioactive activity compared to synthetic polymers 
being a major issue to consider in the field of medical, cosmetic or tissue engineering 
products [4]. However, the properties of collagen to external factors need to be improved. 
Ferulic acid [6], waterborne polyurethane [7] or chitosan [4] are few agents used for 
stabilization of collagen. 

Chitosan is a biomaterial derived from the chitin shells of shrimp and other 
crustaceans in alkaline solution and has been used in wound healing due to its 
biocompatibility [8]. Its structure is composed from glycosidic bonds, hydroxyl and amino 
groups with hydrogen bonds making chitosan to have a crystalline structure [9]. The 
introduction of collagen to chitosan led to form a polyelectrolyte complex by interactions 
between amino gropus of chitosan with carboxylic groups of collagen. This stable structure 
will prove favourable physicochemical properties with maintaining of biological activity 
[10]. 

Plant esssential oils also indicate a potential approach for new wound dressing 
materials able to replace the synthetic antimicrobial agents. These natural antimicrobial 
agents are widely available, with low degree of toxicity, and rich in bioactive compounds 
having anti-tumor, anti-diabetic, analgesic, and antiviral properties [11], which are benefical 
in wound healing [12]. Among all, lemongrass (Cymbopogon flexuosus) is a plant cultivated 
as culinary and medicinal herbs because of their scent, resembling that of lemons. It is used 
in the pharmaceutical industry, being especially effective in treating of dermatological 
infections. Essential oil of lemongrass was proved as effectiveness in both animal and 
human cells [13]. It was established that lemongrass strongly reduced the proliferation of 
Candida albicans fungus of fibrous dressings wound care [14]. However, this essential oil is 
hydrophobic, unstable, volatile, which limits their use for new formulations for wound 
dressing management [15]. The encapsulating of essential oils in nanocarriers [15] or film-
forming emulsion films into chitosan [16] are proposed as strategies to overcome these 
deficiencies. 

Based on these considerations, the objective of this paper was to analyze the 
preparing of rabbit collagen hydrolysate glue-chitosan loaded with lemongrass 
(Cymbopogon flexuosus) essential oil by casting film-forming emulsion method. The film 
was investigated for its antimicrobial activity. The antimicrobial property of rabbit collagen 
glue-chitosan biomaterial loaded with lemongrass essential oils proved the potential use of 
this formulation for wound dressing. 

2. MATERIALS AND METHODS

2.1. Materials 
Rabbit collagen hydrolysate glue was extracted from pickled rabbit skin by Leather 

Research Department, Bucharest, Romania. The extraction process involved the hair 
removal with 4 w/w% CaO and delimed with 3 w/w% (NH4)2SO4, crushed and boiled in a 
water bath at 90°C for four hours. Chitosan with high molecular mass was provided by 
Sigma, Riedst, Germany. Lemongrass (Cymbopogon flexuosus) essential oil was acquired 
from SOLARIS PLANT SRL, Bucharest, Romania. Other solvents used were of analytical 
grade.  
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2.2. Preparation of film-forming emulsion 
 Film-forming emulsion was prepared by solvent casting of lemongrass 

(Cymbopogon flexuosus) essential oil/Tween 80 dispersed into rabbit collagen hydrolysate 
glue-chitosan in glass Petri dishes. 2.66% (w/v) solution of rabbit collagen hydrolysate glue 
was prepared by gentle mixing of solid extract with a previously 1.5% (w/v) solution of 
chitosan prepared in acetic acid with a concentration of 80% (v/v) under magnetic stirring at 
800 rpm, and 90°C for 3 hours. The use of low concentration of rabbit collagen hydrolysate 
glue will permit the partial helical structure of protein to be preserved. In order to obtain the 
rabbit collagen hydrolysate glue/chitosan/lemongrass essential oil emulsion, 2 mL of EO 
and 0.375 g Tween 80 were added to the 85 mL rabbit collagen hydrolysate glue/chitosan 
solution. The film without lemongrass was prepared as control. 

2.3. Antimicrobial activity  
   Staphylococcus aureus ATCC 6538, Escherichia coli ATCC 10536, and Candida 

albicans ATCC 10231 were used from the ICPI collection. Determination of microbial 
contamination was assessed according to the European Pharmacopoeia 10/2020. The test 
consists of exposing the test sample to an inoculum prepared with a suitable microorganism, 
storing the inoculated preparation at 37°C±1°C for bacteria and 28°C±1°C for fungi, 
respectively, observing the test samples at 24 hours and counting the microorganisms grown 
on the samples. The culture media used were: TSA (Casein soya bean digest agar) in the 
case of bacteria and Sabouraud agar for fungi (Mediclim, Otopeni, Romania). The initial 
cell concentration of microorganism tests was previously determined by decimal dilutions 
from which 100 µl were taken and spread on nutrient agar. The counts on the plate were 
performed at 24 hours of incubation, these being kept as a reference for the cellular 
developments in the control sample from the sample set. 1.2 x 105 CFU/mL, 1.0 x 105 
CFU/mL and 2.5x104 CFU/ml were the initial bacteria concentrations determined by 
decimal dilutions for S. aureus, E. coli and Candida albicans, respectively. To quantify the 
antimicrobial efficacy, the degree of microbial (R %) and logarithmic reduction (Log10 red.) 
of each sample were calculated relative to the initial bacteria concentration. 

3. RESULTS AND DISCUSSIONS

Figure 1, a-f shows the images of tested films in contact with microorganism tests. 
Table 1 shows the quantitative results of antimicrobial activity of test samples exposed to 
the inoculum at 24 hours. 

Data from Table 1 shows clear inhibition growth against E. coli ATCC 10536, S. 
aureus ATCC 6538 and Candida albicans ATCC 10231 in the case of rabbit collagen 
hydrolysate glue&chitosan film (control sample). The rabbit collagen hydrolysate glue-
chitosan film loaded with lemongrass essential oil exhibits antimicrobial activity towards 
tested microorganisms but lower as compared with control. The explanation could be due to 
the short time of investigation, or maybe some active compounds constituents of EO favour 
the cellular proliferation. Though the citral, a mixture of the two aldehydes geranial and 
neral, is considered the main bioactive compounds from lemongrass essential oil with strong 
antimicrobial properties, the accompanying natural components have instead contrary 
effects [17]. Another explanation could be associated with the concentration of lemongrass 
essential oil into film. The maximum effect against both negative and positive bacterial 
strains was reported at 30% concentration, while the minimum effect was found at 5% 
concentration of lemongrass essential oil [18]. It is possible that the low content of 
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lemongrass essential oil (2.35%) did not permit the interaction of bioactive componds 
withcell membrane. The investigation will continue for observation at long period times. 

a b c 

d e f 
Figure 1. Photographs of Petri dishes for control sample against: a - S. aureus ATCC 6538; 

b - E. coli ATCC 6538; c - C. albicans ATCC 6538;   
and rabbit collagen hydrolysate glue/chitosan/lemongrass film against: d - S. aureus ATCC 

6538; e - E. coli ATCC 6538; f - C. albicans ATCC 6538 

Table 1. Antimicrobial activity of rabbit collagen glue-chitosan biomaterial loaded 
with Cymbopogon flexuosus essential oil 

Sample Results (CFU/ml) R (%) Log10 red. 
Microorganism test:  Escherichia coli ATCC 10536 

Rabbit collagen hydrolysate glue&Chitosan 0 100 5.00 
Rabbit collagen hydrolysate glue 
&Chitosan&Lemongrass 

1.5x102 99.90 3.00 

Microorganism test: Candida albicans ATCC 10231 

Rabbit collagen hydrolysate glue&Chitosan 0 100 5.00 
Rabbitcollagen hydrolysate glue 
&Chitosan&Lemongrass 

4.3x101 99.83 2.76 

Microorganism test: Saphylococcus aureusATCC 6538 
Rabbit collagen hydrolysate glue&Chitosan 3.4x101 99.97 3.55 
Rabbitcollagen hydrolysate glue 
&Chitosan&Lemongrass 

9.7x101 99.92     3.09 
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4. CONCLUSION

The use of collagen from rabbit skin glue as indigenous natural resource together 
with chitosan and lemongrass essential oil for production of the antimicrobial biomaterial 
with wound dressing potential application was reported in this research. Film-forming 
emulsion film was prepared using casting method. The replacement of synthesis 
antimicrobials with pathogen resistance potential with the natural polymers and plant 
derived essential oil, which are available at commercial level, open the way for new 
nonactive wound dressing development. Preparation of rabbit collagen-chitosan biomaterial 
loaded with lemongrass essential oil is an environmentally friendly solution, which may 
contribute to the development of wound healing materials as an alternative to topical 
antimicrobial agents.  
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Abstract: Far Infrared (FIR) functionalized textile materials are enjoying a special attention nowadays, as a 
viable and practical solution for treating a wide range of medical conditions (relief of acute or chronic 
inflammation and circulatory problems, prevention of microbial infections, improvement of nervous system 
functions, reduction of skin lipids, improvement of blood circulation, removal of accumulated toxins by 
improving lymphatic circulation etc.). At the molecular level, FIR compounds and functionalized materials 
exert strong rotational and vibrational effects, with beneficial biological potential. These materials are based 
on the principle of absorbing light energy and then irradiating this energy back into the body at specific 
wavelengths. FIR functionalized textile materials are a new category of functional textiles that have the 
potential to improve well-being and health. Present paper explored the antimicrobial potential of four textile 
materials, functionalized with FIR, UV protection and antimicrobial functionalization compounds, tested 
according to two methods for assessment of antimicrobial character: a testing method in dynamic conditions 
and a testing method in static conditions. The evaluation of the antimicrobial character showed very good 
rates of reduction of the microbial population, of the functionalized textile materials, following the testing on 
four strains of pathogenic fungi: Candida albicans, Epydermophyton floccosum, Tricophyton interdigitale and 
Aspergillus niger, with reduction rates between 76.16% and 96.06%. 

Keywords: FIR, far infrared, textiles, antimicrobial 

1. INTRODUCTION

Pyroelectric materials are functional materials that can generate an electrical 
response following a change in temperature. Modern solutions often include a combination 
of polypropylene and special lead-free bio-ceramics to create functional FI garments that are 
materialized in commercially available products such as socks, pillows, linens, knee pads, 
pants, bedspreads, bed linen, shoulder pads etc. [1]. Several studies have suggested 
improvement in patients’ condition that suffered of atopic dermatitis in response to the use 
of special fabrics in the affected area. 

Previous studies have also shown that the effects of infrared radiation can activate 
fibroblasts, increase collagen synthesis and the expression of growth factor-beta1 (TGF-
beta1) in rat wounds. Thus, particles of germanium (Ge) and silicon dioxide (SiO2) were 
incorporated at the nano scale into polyvinyl alcohol (PVA) nanofibers. The emission 
wavelength of these nanofiber membranes was between 5-20μm at 37°C and had an 
emissivity value of 0.891 (a perfect black body has a maximum emissivity of 1). The 
antimicrobial effects of infrared radiation may be effective in reducing the number of 
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Staphylococcus aureus and Escherichia coli bacteria by 99.9%, and have shown a reduction 
in the viability of Klebsiella pneumoniae by 34.8% [2-4]. 

2. MATHERIALS AND METHODS

2.1 Functionalized textile materials 
Four functionalized textile materials (FIR + UV protection + antimicrobial 

functionalization compounds), figure 1, and were subjected to antimicrobial analysis against 
three strains of pathogenic fungi. 

GS 102 -1 
Composition: 100% PET 

Dying: dip dyed 

GS 102 -1P 
Composition: 100% PET 

Dying: printed 

GS 102 -2P 
Composition: 100% PET 

Dying: printed 

GS 102 -3P 
Composition: 75% PET + 

25 BBC 
Dying: printed 

Figure 1. Functionalized textile materials 

2.2 Fungal strains 
The evaluation of the antimicrobial character was performed on the functionalized 

materials, compared with a control sample (single control, from each strain, taken as the 
microbial inoculum). The test was performed according to two methods, one in dynamic 
contact conditions (under agitation), and one in static contact conditions (inoculation on the 
material), and against four microbial strains of pathogenic fungi: Candida albicans (ATCC 
90028), Epidermophyton floccosum (CCM 8339), Trichophyton interdigitale (ATCC 9533) 
and Aspergillus niger (IMI 45551). 

At the end of the tests, the number of viable cells was quantified, and the degrees of 
microbial percentage reduction were calculated, based on the initial number of colony 
forming units (CFUs). In both methods, each material was tested in duplicate, and the final 
result was expressed as the average of the readings from two Petri plates. 

Initial microbial concentrations, expressed as average of readings on two Petri 
plates: 

Candida albicans: 3.32x103 UFC/ml; 
Epidermophyton floccosum: 3.2x102 UFC/ml; 
Tricophyton interdigitale: 4.1x102 UFC/ml; 
Aspergillus niger:  3.5x102 UFC/ml. 

2.3 Evaluation of antimicrobial character in dynamic conditions 
Testing of the antimicrobial character of functionalized textile materials, under 

dynamic conditions, was performed according to the ASTM E2149 standard, which 
describes a standardized method for testing the antimicrobial activity of antimicrobial agents 
immobilized on a solid substrate under dynamic contact conditions. This method was 
developed for routine quality control tests and antimicrobial screening tests being used to 
test the character and antimicrobial efficiency of immobilized functionalization treatments 
on various substrates. The samples were tested according to the scheme in table 1, in 
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duplicate, the results being reported by averaging the reading from two Petri plates. The 
quantification of the number of cells on the plates with a high number of colonies was 
performed with specialized software, OpenCFU, a free open-source colony counting 
software. 

Table 1. Test scheme according to ASTM E2149 
Step Description Representation 

1. 
Sample preparation 

Sampling, in duplicate, with a final mass of 1 g (+/- 0.1 g), and 
placement in sterile 100 ml PE flasks in 60 ml of sterile saline 
(0.875% NaCl) with Tween 80 anionic detergent (2 drops/l), in 
order to be able to confer a better dispersion of the microbial cells 
in the volume of liquid. Thus, the saline/Tween 80 mixture was 
previously sterilized for 15' at 121°C. 

2. 
Inoculation 

Stock cultures were diluted with sterile saline and Tween 80 
anionic detergent until final inoculation variants were obtained 
(inoculated into sample vessels). 

3. 
Incubation 

The samples were incubated for 24 in an orbital shaking incubator 
(SIF6000R, Medline Scientific), according to the tested strain: 
28oC for Tricophyton interdigitale, Epidermophyton floccosum 
and Aspergillus niger; 36oC for Candida albicans. Plates 
inoculation was carried out in two sets, following 1 hour of 
incubation and 24 hours of incubation. 

4.  
Sampling and plates 

inoculation 

After the incubation period, 100 µl of liquid were taken from each 
sample flask and pipetted onto the Petri plates with nutrient 
medium (Sabouraud-Agar). 

5.  
Incubation and 
plates counting 

After plates inoculation (in duplicate) the plates were incubated at 
a temperature of 28oC for Tricophyton interdigitale, 
Epidermophyton floccosum and Aspergillus niger; 36oC for 
Candida albicans, for 48 hours, timespan which allowed the 
counting of the formed colonies. 

2.4 Evaluation of antimicrobial character in static conditions 
The testing of antimicrobial efficacy, in static conditions, was done according to ISO 

20743:2007, a method applicable to all textile products, including canvas, cotton wool, 
yarns and materials for clothing, home furniture and various products, regardless of the type 
of antibacterial agent used (organic, inorganic, natural or synthetic) or method of application 
(incorporated, post-treatment or grafting). The absorption method was used, in which the 
microbial suspension is inoculated directly on samples (figure 2), these being sterilized 
beforehand, to avoid contamination of the plates from the last stage of the protocol (1.6-
Plate counting). The tested materials were sampled in surfaces of 1cm2, then sterilized at 
121oC for 15’, and inoculated with 50µL of the last dilution made for each strain tested 
during the stage (in sterile tubes) and incubated for 24 hours at a temperature of 28oC for 
each filamentous fungal strain, and at 37oC for the Candida albicans strain. After the 
incubation period, each sample was vortexed for approx. 20” in 1mL sterile distilled water 
and inoculated on specific nutrient medium (Czapek-Dox and Sabouraud-Agar), followed 
by an incubation period of 2-3 days. The tests were performed in duplicate, for each 
material, and in order to quantify the results, the technique of counting the CFUs (Colony 
Forming Units) on the incubated plates was used, reported to the initial cell concentration in 
the inoculum. 
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Figure 2. Test scheme according to ISO 20743:2007 

3. RESULTS AND DISCUSSION
The results of the antimicrobial testing, on the four functionalized materials, 

compared to the four microbial strains, in dynamic contact conditions, are presented in table 
2 and figure 3. 

Table 2. Percentage microbial reductions in dynamic contact conditions 
Sample Plate 1 Plate 2 Average % Red 

Candida albicans (3.32x103 UFC/ml) 
GS 102-1 1.98x102 2.1x102 2.04x102 93.86 

GS 102-1P 1.12x102 1.2x102 1.16x102 96.51 
GS 102-2P 2.1x102 2.23x102 2.165x102 93.48 
GS 102-3P 1.78x102 1.65x102 1.715x102 94.84 

Epidermophyton floccosum (3.2x102 UFC/ml) 
GS 102-1 7.8x101 8.1x101 7.95x101 75.16 

GS 102-1P 6.8x101 6.5x101 6.65x101 79.22 
GS 102-2P 5.9x101 6.1x101 6.0x101 81.25 
GS 102-3P 7.1x101 7.3x101 7.2x101 77.50 

Tricophyton interdigitale (4.1x102 UFC/ml) 
GS 102-1 3.1x101 3.2x101 3.15x101 92.32 

GS 102-1P 2.8x101 3.0x101 2.9x101 92.93 
GS 102-2P 4.1x101 4.2x101 4.15x101 89.97 
GS 102-3P 3.8x101 3.7x101 3.75x101 90.86 

Aspergillus niger (3.5x102 UFC/ml) 
GS 102-1 5.1x101 5.4x101 5.25x101 85.00 

GS 102-1P 4.8x101 4.3x101 4.55x101 87.00 
GS 102-2P 3.9x101 4.2x101 4.05x101 88.43 
GS 102-3P 3.7x101 4.1x101 3.9x101 88.86 
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Figure 3. Comparative analysis of microbial reduction rates under dynamic conditions 

The test results show very good degrees of microbial reduction, for all four 
materials, with values between 75.16%, for the GS GS-1 material, tested against the 
Epidermophyton floccosum strain, and 96.51%, for the GS 102-1P material, tested against 
Candida albicans strain. The materials showed the highest efficiency against Candida 
albicans strain, with an average microbial reduction rate of 94.67%, the most resistant strain 
being Epidermophyton floccosum, with an average microbial reduction rate of 78.28% (table 
3). 

Table 3. Percentage microbial reductions in static contact conditions 
Sample Plate 1 Plate 2 Average % Red 

Candida albicans (3.32x103 UFC/ml) 
GS 102-1 2.21x102 2.45x102 2.33x102 92.99 

GS 102-1P 1.98x102 1.81x102 1.895x102 94.30 
GS 102-2P 2.45x102 2.56x102 2.505x102 92.46 
GS 102-3P 1.17x102 1.45x102 1.31x102 96.06 

Epidermophyton floccosum  (3.2x102 UFC/ml) 
GS 102-1 5.1x101 4.9x101 5.0x101 84.38 

GS 102-1P 3.4x101 3.8x101 3.6x101 88.75 
GS 102-2P 2.5x101 2.4x101 2.45x101 92.35 
GS 102-3P 1.9x101 2.1x101 2.0x101 93.75 

Tricophyton interdigitale  (4.1x102 UFC/ml) 
GS 102-1 2.1x101 2.5x101 2.3x101 94.40 

GS 102-1P 4.1x101 3.9x101 4.0x101 90.25 
GS 102-2P 2.5x101 2.6x101 2.55x101 93.79 
GS 102-3P 2.3x101 2.1x101 2.2x101 94.94 

Aspergillus niger (3.5x102 UFC/ml) 
GS 102-1 2.1x101 2.5x101 2.3x101 93.43 

GS 102-1P 3.2x101 3.6x101 3.4x101 90.29 
GS 102-2P 2.8x101 2.7x101 2.75x101 92.15 
GS 102-3P 1.9x101 2.3x101 2.1x101 94.00 
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The test results show very good degrees of microbial reduction, slightly better than 
the test results in dynamic conditions. This may be due to the test method, which allowed a 
longer contact time between the microbial inoculum and the functionalized material. The 
values of the reduction rates were between 84.38%, for the GS GS-1 material, tested against 
Epidermophyton floccosum strain, and 96.06%, for the GS 102-3P material, tested against 
the Candida albicans strain. The materials showed the highest efficiency against the 
Candida albicans strain, with an average microbial reduction rate of 93.95%, the most 
resistant strain being Epidermophyton floccosum, with an average microbial reduction rate 
of 89.80% (figure 4). 

Figure 4. Comparative analysis of microbial reduction rates under static conditions 

4. CONCLUSIONS
FIR functional textile may represent the future for alternative therapies, as they have 

great health benefits of FIR, ranging from regulating body heat, restoring physical function, 
muscle pain relieving, arthritis pain management, bronchitis etc. [7,8]. Infrared 
functionalized textile materials offer a unique way to apply various therapies for continuous 
use. These functional textile structures, existing in different forms (e.g., fibres, fabrics, 
composites, films etc.) have significant benefits for many types of diseases, symptoms and 
problems, as FIR functionality can be incorporated into textiles in a variety of ways. 

The antimicrobial properties of four FIR functionalized textile materials were tested 
against four strains of pathogenic fungi: Candida albicans, Epydermophyton floccosum, 
Tricophyton interdigitale and Aspergillus niger. The evaluation of the antimicrobial 
character showed very good rates of reduction of the microbial population, of the 
functionalized textile materials, following the testing on four strains of pathogenic fungi: 
Candida albicans, Epydermophyton floccosum, Tricophyton interdigitale and Aspergillus 
niger, with reduction rates between 76.16% and 96.06%. 
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